Effect of Weld Procedures on Weld Quality by Behrens, R.G. et al.
\U 
-Il9A UILU-ENG-82 .. 2001 
:#4Clb CIVIL ENGINEERING STUDIES 
C .1 STRUCTURAL RESEARCH SERIES NO. 496 
Illinois Cooperative Highway and Transportation 
Series No. 193 
RECEIVED 
SEP 211982 
EFFECT ELD PR CEDURES 
Katz K.fereDo. Boom 
UDivaralt7 of Illinois 
1106 HeEL 
201 N. Roaine Street 
Urbaaa. Illin.ls il101 
N ELD 
By 
R. G. BEHRENS 
R. MARSHAlLA 
W. HANDEL 
W. H. MUNSE 
A Report of the Investigation on 
Steel Bridge Design Criteria to Help 
Minimize the Probability of Fracture 
Project IHR-304 
Illinois Cooperative Highway and 
Transportation Research Program 
A COOPERATIVE INVESTIGATION 
Conducted by 
UALITY 
THE STRUCTURAL RESEARCH LABORATORY 
DEPARTMENT OF CIVIL ENGINEERING 
ENGINEERING EXPERIMENT STATION 
UNIVERSITY OF ILLINOIS 
AT URBANA-CHAMPAIGN 
in cooperation with the 
STATE OF ILLINOIS 
DEPARTMENT OF TRANSPORTATION 
and the 
U.S. DEPARTMENT OF TRANSPORTATION 
FEDERAL HIGHWAY ADMINISTRATION 
UNIVERSITY OF ILLINOIS 
AT URBANA-CHAMPAIGN 
URBANA, ILLINOIS 
JULY 1982 

1. Report No. 
FHWAjILjUI-193 
4. Titl. and Subtitle 
Effect of Welding Procedures on Weld Quality 
7. Authorhl 
R. G. Behrens, R. Marshalla, W. Handel and· 
W. H. Munse 
9. P.rforming Organization Nom. and Addreu 
Department of Civil Engineering 
Engineering Experiment Station 
University of Illinois' at Urbana-Champaign 
Urbana, Illinois 61820 
TECHNICAL REPORT STANDARD TITLE PAG E 
5. Repo,t Date 
July 1982 
6. Performing OrgCllni &0910n Code 
8. Performing Organization Report No. 
UILU-ENG-82-2001 
10. \Vorlc Unit No. 
11. Contract or Grant No. 
IHR-304 
13. Type of Report and P .riod Cover.d 
12. Sponsoring Ageney Name and Add,os" ----------. 
1·11 i noi s Department of Transportation 
126 E. Ash Street 
Springfield, Illinois 62706 
1 S. Supp lementary Notlil. 
Interim Report 
14. Sponsoring Agency Code 
Study was conducted in cooperation with the U.S. Department of Transportation, 
Federal Highway Administration. 
16. Ab.tract 
The objective of this study was planned to develop welding procedures 
that would help to minimize the occurrence of cold cracking, hot cracking, 
porosity, slag inclusions, and lack of fusion in shielded metal arc welding 
(SMAW) . 
A literature survey was conducted to identify the welding variables 
related to each of the discontinuities, and relationships between the 
welding variables and the occurrence of discontinuities were examined 
'in detail. These relationships were then used to establish preliminary 
welding requirements. 
A test program was conducted to verify the validity of the preliminary 
proposed requirements. Recommended welding requirements were then developed 
on the basis of the preliminary proposed requirements and the test results. 
17. Key Word. 
welds, cold cracking, hot crakcing, 
porosity, slag inclusions, lack of 
fusion, welding procedures, steel, 
preheat heat input, electrodes 
Katz !eferene. Room 
.aD1verDity of Illinois 
:1106 HeEL 
208 N. Ro~1n. Str~et 
!'rbl.U.. Il1ine1a 61101 
US. Dlltvlhutlo" Statement 
No restrictions. This document is 
available to the public through the 
National Technical Information Service, 
Springfield, Virginia, 22161. 
19. Security Clcuuif. (of this report) 
Unclassified 
20. Security CI@luH. <of thllll , ... ) 
Unclassified 
21. No. of Pq_s 22. P,lee 
191 
Form DOT F 1700.1 (I ... U) 
J 

iii 
Table of Contents 
Chapter 
1 .0 INTRODUCTION ............. . 
Page 
1 
1.1 Di scussion of Probl em .. . . . . . . 
1.2 Object and Scope of Investigation . 
1.3 Acknowledgements 
2.0 WELD DISCONTINUITIES 
2.1 Introduction 
2.2 Cold Cracking. 
2.2.1 
2.2.2 
Introduction . . . . . . 
Principal Factors Affecting Cold Cracking 
1 
1 
3 
4 
4 
5 
5 
6 
2.2.2.1 Hydrogen............. 6 
2.2.2.2 Susceptibility of the Heat-Affected 
Zone to Hydrogen Embrittlement 
(HAZ Cracking) .......... 6 
2.2.2.3 Susceptibility of the Weld Metal to 
Hydrogen Embrittlement (Weld Metal 
Cracki ng) 10 
2.2.2.4 Stress....... .... 10 
2.2.3 Phenomenon of Cold Cracking 11 
2.2.3.1 Phenomenon of Heat-Affected Zone 
Cracking ............. 11 
2.2.3.2 Phenomenon of Weld Metal Cracking 11 
2.2.4 Methods of Controlling Cold Cracking. . . 12 
2.2.4.1 Control of Hydrogen 
2.2.4.2 Control of Hydrogen 
Heat-Affected Zone 
2.2.4.3 Control of Hydrogen 
Wel d Meta 1 . . . . . 
2.2.4.4 Control of Stresses 
2.3 Hot Cracking ........... . 
. . . . . . . 
Embrittl ement 
. . . . . . . 
Embrittl ement 
in the 
in the 
12 
13 
14 
14 
15 
2.3.1 Introduction . . . . . . . . . . . . . . . . .. 15 
2.3.2 Principal Factors Affecting Hot Cracking . . .. 15 
2.3.2.1 
2.3.2.2 
Metallurgical Factors 
Mechanical Factors .... 
15 
16 
Chapter 
iv 
2.3.3 Phenomenon of Hot Cracking ..... 
2.3.4 Methods of Controlling Hot Cracking 
2.4 Porosity 
2.4.1 
2.4.2 
2.4.3 
2.4.4 
Introduction .... 
Principal Factors Affecting Porosity 
Phenom~non of Porosity Formation . 
Methods of Controlling Porosity 
2.5 Slag Inclusions .. 
16 
17 
20 
20 
21 
21 
22 
23 
2.5.1- Introduction . ..... 23 
2.5.2 Principal Factors Affecting Slag Inclusions 23 
2.5.3 Phenomenon of Slag Inclusion Formation 24 
2.5.4 Methods of Controlling Slag Inclusions. 24 
2.6 Lack of Fusion 
2.6. 1 
2.6.2 
2.6.3 
2.6.4 
Introduction . . . . . . . . . . . . . . 
Principal Factors Affecting Lack of Fusion . 
Phenomenon of Lack of Fusion . . . . . . 
Methods of Controlling Lack of Fusion 
25 
25 
25 
25 
26 
3.0 DEVELOPMENT OF TEST PROGRAM .... 27 
27 
27 
3.1 Purpose of Test Program . . . . . . . . 
3.2 Welding Procedures for Test Specimens. 
4.0 PREPARATION OF TEST SPECIMENS . 
4.1 
4.2 
4.3 
4.4 
Equipment and Materials 
Specimen Geometries .. 
Welding of Specimens .... 
Sectioning of Specimens for Testing . 
5.0 DESCRIPTION AND RESULTS OF TESTS 
5. 1 
5.2 
5.3 
5.4 
5.5 
Metallographic Studies 
Radiographic Studies 
Hardness Tests 
Tension Tests . 
Bend Tests 
29 
29 
29 
30 
31 
32 
32 
32 
33 
33 
33 
v 
Chapter 
6.0 DISCUSSION AND ANALYSIS OF TEST RESULTS .. 35 
6.1 Effect of Plate Length. . . . . . 35 
6.2 Cold Cracking . . . . . . . . . . 35 
6.3 Hot ,Cracking. . . . . . . . . . . . 39 
6.4 Porosity, Slag Inclusions, and Lack of Fusion 40 
6.5 Tensile Strength. . . . .. ......... 41 
6.6 Ductil ity' . . . . . . . . 42 
7.0 CONSLUSIONS AND RECOMMENDATIONS. 44 
7.1 Cold Cracking . . . . . . . . . . . 44 
7.2 Hot Cracking. . . . . . . . . . . . . . . . 45 
7.3 Porosity, Slag Inclusions, and Lack of Fusion . . . . . 45 
List of References .. 
Tables .. 
Figures 
Appendix A. Photomacrographs and Photomicrographs of Test 
Spec imens . . . . . . . . . . . . . . . . . . 
47 
49 
62 
132 

vi 
List of Tables 
Table 
2.1 ESTIMATED PERCENTAGE DILUTION AT VARIOUS WELD SPEEDS 
AND ARC ENERGIES. . . . . . 49 
2.2 GROUP ING OF ELECTRODES . . . . . . . . . . . . . 50 
3.1 FABRICATION' DATA FOR MILD STEEL TEST SPECIMENS 51 
3.2 FABRICATION DATA FOR LOW-ALLOY STEEL TEST SPECIMENS 52 
3.3 FABRICATION DATA FOR QUENCHED AND TEMPERED STEEL 
TEST SPECIMENS . . . . . . . . . . . . . . . . . . . . . . 53 
4. 1 SUMMARY OF MECHANICAL AND CHEMICAL PROPERTIES OF 
BASE METALS . . . . . . . . . . . . . . . . . . . . . . . 54 
4.2 SUMMARY OF MECHANICAL AND CHEMICAL PROPERTIES OF . 
ELECTRODES . . . . . . . . . . . . . . . . . . . 55 
5. 1 
5.2 
SUMMARY OF TEST RESULTS FOR MILD STEEL SPECIMENS . 
SUMMARY OF TEST RESULTS FOR LOW-ALLOY STEEL SPECIMENS 
5.3 SUMMARY OF TEST RESULTS FOR QUENCHED AND TEMPERED 
56 
57 
STEEL SPECIMENS . . . . . . . . . . . . . . . . . . . . . 58 
7.1 SUMMARY OF PREHEAT TEMPERATURES TO MINIMIZE COLD 
CRACKING IN MILD AND LOW-ALLOY STEELS . . . . . 59 
7.2 HARDNESS VALUES USED TO DEVELOP RECOMMENDED PREHEAT 
TEMPERATURES TO MINIMIZE COLD CRACKING . . . . . . . 
7.3 RECOMMENDED PREHEAT TEMPERATURES TO MINIMIZE COLD 
60 
COLD CRACKING IN MILD AND LOW-ALLOY STEELS . . . . . . . . 61 

vii 
List of Figures 
Figure 
2;1 LOCATIONS OF VARIOUS TYPES OF COLD CRACKS .. 
2.2 THERMAL SEVERITY NUMBERS FOR TYPICAL JOINTS 
2.3 RELATIONSHIP OF HEAT INPUT AND PREHEAT TO COOLING 
RATE AT 572°F (3000 C) . . . . . . . . . . 
2.4 EXAMPLES OF VARIOUS DEGREES OF RESTRAINT .... 
2.5 FACTORS AFFECTING COLD CRACKING IN THE BASE METAL 
HEAT-AFFECTED ZONE ............... . 
2.6 FACTORS AFfECTING COLD CRACKING IN THE WELD METAL. 
. 
. . 
2.7 RELATIONSHIP BETWEEN COOLING RATE AND CARBON EQUIVALENT 
Page 
62 
63 
64 
65 
. . 66 
67 
TO PRODUCE A HEAT-AFFECTED ZONE HARDNESS OF 350HV . . . .. 68 
2.8 FACTORS AFFECTING HOT CRACKING IN THE BASE METAL 
HEAT-AFFECTED ZONE . . . . . . . . . . . . . . . 69 
2.9 FACTORS AFFECTING HOT CRACKING IN THE WELD METAL 70 
2.10 FACTORS AFFECTING POROSITY . . . 71 
2.11 FACTORS AFFECTING SLAG INCLUSIONS 72 
2.12 FACTORS AFFECTING LACK OF FUSION 
2.13 DILUTION NOMOGRAM(18) 
2.14 WELD CONFIGURATIONS .. 
2.15 TYPICAL PLOT OF PRELIMINARY WELDING REQUIREMENTS TO 
MINIMIZE HOT CRACKING 
4.1 WELDING EQUIPMENT ..... 
4.2 
4.3 
4.4 
4.5 
4.6 
TYPE Ill" SPECIMEN GEOMETRY 
TYPES 112" AND 113" SPECIMEN GEOMETRY . . 
TYPE "411 SPECH1EN GEOMETRY .... 
TYPES "5" AND 116" SPECIMEN GEOMETRY 
SECTIONING OF TYPES 11111 AND "411 SPECIMENS FOR TESTING. 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
viii 
Figure 
4.7 SECTIONING OF TYPES "211 AND "3" SPECIMENS FOR 
TESTING . . . . . . . . . . . 83 
4.8 SECTIONING OF TYPES 115" AND "6 11 SPECIMENS FOR 
TESTI NG . . . . . . . . .. ..... 84 
5.1 TYPICAL RADIOGRAPHS OF SPECIMENS WITH HIGH, MEDIUM AND 
LOW DISCONTINUITY'RATIOS ...... . . . . . . . .. 85 
5.2 
5.3 
5.4 
5.5 
5.6 
5.7 
5.8 
5.9 
5.10 
6.1 
6.2 
6.3 
TYPICAL LOCATIONS OF HARDNESS SURVEYS . 
HARDNESS SURVEYS FOR SPECIMEN AlA . ... ., 
HARDNESS SURVEYS FOR SPECIMEN A1C 
HARDNESS SURVEYS FOR SPECIMEN B1A . 
HARDNESS SURVEYS FOR SPECIMEN B1C 
HARDNESS SURVEYS FOR SPECIMEN C1A 
HARDNESS SURVEYS FOR SPECIMEN C1C 
TENSION TEST FAILURE SURFACES . . 
BEND TEST SPECIMENS . . . . . 
EFFECTS OF VARIOUS WELDING VARIABLES ON HAZ HARDNESS 
RANGE OF MILD STEEL SPECIMENS ........... . 
EFFECTS OF VARIOUS WELDING VARIABLES ON HAZ HARDNESS 
RANGE OF LOW-ALLOY STEEL SPECIMENS ......... . 
EFFECTS OF VARIOUS WELDING VARIABLES ON HAZ HARDNESS 
RANGE OF QUENCHED AND TEMPERED STEEL SPECIMENS .... 
6.4 RELATIONSHIP BETWEEN TEST WELDING PROCEDURES AND 
WELDING REQUIREMENTS TO CONTROL HAZ CRACKING IN MILD 
88 
89 
90 
91 
92 
93 
94 
95 
99 
103 
104 
105 
STEELS. . . . . . . . . . . . . . . . . . . . . . . . . . . 106 
6.5 RELATIONSHIP BETWEEN TEST WELDING PROCEDURES AND 
WELDING REQUIREMENTS TO CONTROL HAZ CRACKING IN LOW-
ALLOY STEELS. . . . . . . . . . . . . . . . . .. ... 113 
6.6 RELATIONSHIP BETWEEN TEST WELDING PROCEDURES AND 
WELDING REQUIREMENTS TO CONTROL HAZ CRACKING IN 
QUENCHED AND TEMPERED STEELS ....... ~ . . . . . . .. 117 
Figure 
6.7 
;x 
EFFECTS OF VARIOUS WELDING VARIABLES ON WELD 
METAL MICROCRACKING ~ . . . . . . . . . . . . 
6.8 RELATIONSHIP BETWEEN TEST WELDING PROCEDURES AND 
WELDING REQUIREMENTS TO CONTROL HOT CRACKING IN 
. 120 
MILD STEELS. . . . . . . . . . . . . . . . . .. ..' 121 
6.9 RELATIONSHIP BETWEEN-TEST WELDING PROCEDURES AND 
WELDINS REQUIREMENTS TO CONTROL HOT CRACKING IN LOW-
AL~OY STEELS ............. -..... . .. 122 
6.10 RELATIONSHIP BETWEEN TEST WELDING PROCEDURES AND 
WELDING_REQUIREMENTS TO CONTROL HOT CRACKING IN 
QUENCHED AND TEMPERED STEELS ......... . 123 
6.11 EFFECTS OF VARIOUS WELDING VARIABLES ON DISCONTINUITY 
RATIO OF MILD STEEL SPECIMENS. . . . . . . . . . . . 124 
6.12 EFFECTS OF VARIOUS WELDING VARIABLES ON DISCONTINUITY 
RATIO OF LOW-ALLOY STEEL-SPECIMENS ......... 125 
6.13 EFFECTS OF VARIOUS WELDING VARIABLES ON DISCONTINUITY 
RATIO OF QUENCHED AND TEMPERED STEEL SPECIMENS 126 
6.14 
6.15 
6.16 
EFFECTS OF VARIOUS WELDING VARIABLES ON JOINT 
EFFICIENCY OF MILD STEEL SPECIMENS -. . . . . 
EFFECTS OF VARIOUS WELDING VARIABLES ON JOINT 
EFFICIENCY OF LOW-ALLOY STEEL SPECIMENS . . . 
EFFECTS OF VARIOUS WELDING VARIABLES ON JOINT 
EFFICIENCY OF QUENCHED AND TEMPERED STEEL SPECIMENS 
7.1 COMPARISON OF RECOMMENDED PREHEAT TEMPERATURES 
127 
• 01 • • 128 
129 
TO MINIMIZE COLD CRACKING TO CURRENT AWS STRUCTURAL 
WELDING COOE(l) SPECIFIED PREHEAT TEMPERATURES ...... 130 

1 
1.0 INTRODUCTION 
1.1 Discussion of Problem 
During the welding ofa steel changes occ~r in the physical and 
chemical properties of the steel due to rapid heating and cooling. In 
addition, shrinkage stresses are imposed on the weld and contaminants 
may be introduced. These factors contribute to the potential for 
discontinuities to form in either the weld deposit or the immediately 
adjacent base metal which has been affected by the welding. 
Various aspects of the procedures used in welding have a significant 
effect on the quality of a weld or weldment and on the physical and 
chemical changes that take place during welding. These include such 
factors as the preheat and interpass temperature, the heat input employed, 
the restraint to which the weld is subjected, the types of electrodes 
used, the geometry of the welds, etc. Although some of these factors are 
considered in current design specifications, it would appear that better 
control of these variables and control over some that are not now 
included would make possible an improvement in the quality of welds being 
produced for steel structures. This may be of considerable importance, 
particularly in bridges, where fatigue is of importance and defects and 
discontinuities are of great concern.(19) 
The concern of the study presented herein is to better define 
procedures that will help to minimize such weld discontinuities as cold 
cracking, hot cracking, porosity, slag inclusions, and lack of fusion. 
1.2 Object and Scope of Investigation 
The object of the investigation was to develop welding requirements 
to minimize the occurrence of weld discontinuities in shielded metal arc 
welding (SMAW). Compliance with these welding requirements should also 
result in welds with adequate strength and ductility. 
Present codes do not consider some of the welding variables related 
to the occurrence of discontinuities. The AWS StructuraJ Welding Code 
(AWS 01.1-81)(1) for example, has recognized this fact in its commentary. 
2 
The study presented herein has tried to include the effect of these welding 
variables to develop more effective welding requirements. These 
requirements can then be used to supplement or modify current codes such 
as the AWS Structural Welding Code and the AASHTO Bridge Specifications. 
To fully understand the various causes for each type of weld 
discontinuity, a literature survey was conducted first. The welding 
variables related to each discontinuity were identified, and relationships 
between these variables and the occurrence of discontinuities were 
examined in detail. These relationships were then used to develop 
preliminary SMAW welding requirements to minimize the occurrence of such 
discontinuities. (2,3) 
Based on the preliminary proposed welding requirements a test program 
was developed to evaluate the validity of the proposed requirements. 
Fifty welded specimens were fabricated and tested; welds were made using 
* the shielded metal arc (SMAW) process by a qualified welder. Recommended 
welding requirements were then developed. 
In Section 2 of this report a discussion of the various types of 
discontinuities is presented along with a discussion of the principal 
causes for such discontinuities and the methods by which they might be 
controlled. The test program is defined in Section 3, a description 
of the tests is presented in Section 4, and the test results are given 
in Section 5. A discussion and analysis of the test results is given in 
Section 6, welding procedure recommendations for the minimization of weld 
discontinuities are presented in Section 7, and a brief summary of the 
investigation is provided in Section 8. 
*The welder has 30 years of experience in industrial and research 
applications. This experience has included extensive work with the 
types of joints and electrodes used in the tests . 
. " 
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2.0 WELD DISCONTINUITIES 
2.1 Introduction 
During SMAW welding, the filler metal and a portion of the base metal 
are melted and blended to form the weld deposit. Portions of base metal 
and weld metal (multi-pass,welds) adjacent to the weld deposit are subjected 
to a thermal cycle which does not melt the metal, but causes complex 
microstructural changes therein. These regions are referred to as the 
base metal "heat-affected zone" (HAZ) and "retempered zone" respectively_ 
At some distance from a weld pass, the base metal and previously deposited 
weld metal are not raised to high enough temperatures during the thermal 
cycle to cause microstructural changes, although other factors (diffusion 
of hydrogen for example) may cause changes in the weld and base metal 
properties. 
As stated in Section 1.1, the quality of a weld depends on several 
factors. The properties of the base metal and filler metal are affected 
by the welding thermal cycle, shrinkage stresses, and contaminants 
introduced into the weld from rust, mill scale, moisture, or other 
foreign materials. Sources of these contaminants can be the surface being 
welded, the atmosphere, or filler metal. 
The presence of contaminants or the existence of conditions which 
cause discontinuities generally depends on the welding procedure. 
Welding variables such as the welding process, welder, welding equipment, 
base metal, filler metal, joint geometry, thickness of members, restraint 
heat input, travel speed and preheat define a particular procedure. 
Through proper control of the welding procedure, discontinuities can be 
minimized. The effect of these variables on each of the different types 
of weld discontinuities, and methods to properly control these variables 
will now be discussed. 
2.2 Cold Cracking 
2.2.1 Introduction 
5 
Cold cracking is the term used for cracks which occur after the 
weld has solidified and cooled. They can occur in either the HAZ or 
weld metal. 
There are several other names for cold cracking that are 
derived from the char~cteristics of the cracking. For instance, these 
cracks occur only in the presence of hydrogen, thus the name IIhydrogen 
crackingll has often been used. Since these cracks occur under conditions 
of restraint, they are often referred to as "restraint cracks". The 
cracks can form several hours or days after the weld ,has cooled so the 
term "delayed cracking" has sometimes been used. The cracks often occur 
in the HAZ, hence the name IIHAZ cracking" has been used. These HAZ 
cracks might occur either directly beneath the weld bead, at the root 
of the weld or at the toe of the weld (see Figure 2.1). Depending on 
the location, these types of cracks are referred to as "underbead 
cracking", "toe cracking" or IIroot cracking ll • The cracks can also occur 
in the weld metal. These cracks are referred to as "weld metal cracking". 
The smaller microscopic weld metal cracks are often referred to as 
"microfissures ll or "microcracks ll • 
For cold cracks to occur, three principal factors must be present. 
The first factor is the presence of atomic hydrogen. As will be discussed 
in more detail later, atomic hydrogen can be introduced to the weld 
during welding and must be present in order for cold cracking to occur. 
The second factor is a HAZ (HAZ cracking) or weld metal (weld metal 
cracking) which is susceptible to hydrogen embrittlement. Hydrogen 
embrittlement is primarily related to chemical composition and micro-
structure. The third factor necessary for cold cracking to occur is 
stress resulting from restraint. Restraint is dependent upon the 
geometry of the joint or structure. Stresses due to restraint develop 
as the weldment cools and contracts while the rest of the joint or 
structure tends to restrain the contraction. It is safe to assume that 
every weldment is subject to some restraint; however, the degree of 
restraint that causes these stresses may vary greatly from one member or 
joint to another. 
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The case in which cracking occurs in the HAZ has been studied in 
great detail (4) and much information concerning the mechanism of this 
cracking has been obtained. However, relatively little information has 
been gathered for the case of weld metal cracking. In fact, traditional 
methods for predicting preheat levels to avoid cold cracking have been 
based on only HAZ cracking considerations. These methods mayor may not 
prevent weld metal cracking, depending on which of the two types of 
cracking is more critical. 
2.2.2 Principal Factors Affecting Cold Cracking 
2.2.2.1 Hydrogen 
As noted earlier, atomic hydrogen must be present for cold cracking 
to occur. It is introduced to the weldment during welding, primarily 
from the electrode coating. §ome electrode coatings have various hydrogen 
compounds which break down during welding and are subsequently introduced 
into the weldment. These coatings generally contain cellulose sodium, 
cellulose potassium, titania sodium, titania potassium, iron oxide, and 
iron powder. Besides the above ingredients, moisture in the coatings 
can also introduce hydrogen into the weld. Proper baking and electrode 
care can reduce or eliminate this factor; however, moisture in the arc 
atmosphere or on the surface being welded can also introduce unwanted 
hydrogen. Other possible sources of hydrogen are rust, oil, dirt, grease, 
or any other contaminants on the electrodes or welding surface which 
contain hydrogen compounds. 
2.2.2.2 Susceptibility of the Head-Affected Zone to Hydrogen 
Embrittlement (HAZ Cracking) 
In order for cold cracking to occur in the HAZ, the microstructure 
must be susceptible to hydrogen embrittlement. It has been shown that 
hardness of the HAZ is a useful indication of this susceptibility. (4) 
The harder the HAZ microstructure, the more susceptible it is to hydrogen 
embrittlement. 
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A principal source or cause of hardening in the HAZ's is the 
presence of alloying elements in the steels. In general, the greater the 
alloy content, the harder the HAZ will be after welding. The carbon 
content is the main factor responsible for hardening. Other alloys such 
as manganese, silicon, nickel, chromium, molybdenum, vanadium, copper, 
phosphorus, sulfur, boron, and titanium also have an affect on the final 
HAZ hardness. The effect of the various alloying elements on hardness 
can be conveniently combined with that of carbon by formulas known as 
carbon equivalent formulas. These formulas give .weighted values to each 
of the alloys in order to show how much they affect hardness as compared 
to carbon. For example, most carbon equivalent formulas give manganese 
a weight factor of (1/6). By adding together all of the alloy contents 
multiplied by their respective weight factors, a single numerical 
indication (carbon equivalent) can be derived which gives the tentative 
hardenability index for the steel. There are a number of formulas which 
are used to calculate the carbon equivalent of steel; formulas which are 
by no means in total agreement with each other. Two commonly accepted 
formulas are listed below. 
One formula, used by F. R. Coe(S), N. Bailey(6), and the British 
Standards Association(5) is as follows. 
CE = Carbon equivalent = C + Mn + 5i + Cr + Mo + V + Ni + Cu (1) 6 5 15 
Where: C and the other symbols represent the weighted percentage of the 
elements in the steel. 
Another formula, derived by K. Winterton(7) is as follows: 
CE = C + Mn + Ni + Cr _ Mo _ V + Cu 
6Wm~mW 
Note that Winterton's formula assigns minus signs to Mo and V, both 
tending to reduce the hardness of the steel. 
Another primary factor or source of HAZ hardening in some steels is 
the cooling rate after welding. Rapid cooling through the martensitic 
transformation temperature of a steel with an appropriate chemistry will 
cause that steel to form martensite. Cooling rates measured at 3000 C 
(2) 
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(572oF) give a good indication of how hard the final microstructure will 
be. Several typical cooling rate formulas are listed below. 
From reference (8), based on empirical data: 
= E + 1000N 
54To (1 + To/1000) (N + 0.5) 
Where: R300 = Cooling rate at 3000 C in OC/sec 
E = Arc energy in Joules/inch 
N = Thermal Severity Number 
To = (3000 C - Preheat or initial plate temperature) 
Another formula is as follows: 
(T)2 ( )3 . plates (9,10) R572 = Kl E Ti , ...... Thln 
_ K2 2 . ( 9 , 1 a ) R572 - y(T;) , ............ ThlCk plates 
Where R572 = Cooling rate at 5720 F in of/sec 
R300 °C/sec = (R 572 of/sec) 5/9 
T 
E 
T. 
1 
= 
= 
= 
Thickness of the plate 
Arc energy in Joules/inch 
(5720 F - Preheat or initial plate temperature) 
(3) 
(4) 
(5) 
(6) 
Kl ,K2 Represent the combined effects of thermal conductivity, 
density, and the specific heat of the steel 
K, = 161.48 for mild steel, .... Thin plates 
I 
K2 = 5.961 mild steel , .... Thick plates 
It is apparent from the cooling rate formulas that the cooling rate is 
dependent upon plate thickness or the thermal severity number, arc energy, 
and the preheat or initial plate temperature. 
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The thicker a member being welded, the greater its ability to serve 
as a heat sink; thus taking heat away from the joint. The thermal 
severity number serves as a useful means of expressing this capability. 
Basically, the thermal severity number or TSN is four times the total 
plate thickness capable of removing heat from t~e joint. For examples of 
TSN determinations see Figure 2.2. In this figure it can be seen that a 
greater plate thickness will result in a larger TSN and thus a higher 
cooling rate since more steel is available to remove heat from the joint. 
The cooling rate is also dependent upon the ~rc energy E; the 
greater the arc energy introduced into a weld, the higher the heat input. 
By increasing the heat input, the cooling rate at 3000 C is decreased as 
is illustrated in Figure 2.3. The arc energy can be calculated by either 
of the following formulas: 
Joules = Volts x Amps x 60 
E, inch (inches) 
travel speed'f t m nu e 
(7) 
Joules Volts x Amps x 60 E, = ------'------
mm travel speed, (mi~~te) 
(8) 
A third factor in cooling rate determination is preheat or initial 
plate temperature. By preheating the steel, some of the steels capability 
of removing heat from the joint is diminished; the temperature gradient 
through the steel is reduced by the preheat. The effect of preheat on 
cooling rate is illustrated in Figure 2.3. By maintaining the preheat 
after welding is completed, a further reduction in the cooling rate 
can be achieved. 
To summarize, the hardness of the HAZ of many steels is dependent 
upon two principal factors, steel chemistry or the CE, and the cooling 
r~te RS72F (or R300C ). Steels with a higher CE value will generally form 
harder HAZls. Also, higher cooling rates in many steels will result in a 
harder HAZ. As the hardness of the HAZ increases, the susceptibility to 
hydrogen embrittlement, and thus cold cracking, increases. 
10 
2.2.2.3 Susceptibility of the Weld Metal to Hydrogen Embrittlement 
(Weld Metal Cracking) 
In order for cold cracking to occur in the weld metal, the micro-
structure must be susceptible to hydrogen embrittlement. As noted 
previously, '1 ittle information is available to explain weld metal 
embrittlement. The authors are not aware of any quantitative studies 
which relate a property o~ the weld metal (i.e. hardness) to hydrogen 
embrittlement susceptibility, such as that developed for HAZ cracking. 
However, it does seem reasonabl e that chemical compos.ition and cool ing 
rate would be important factors in much the same way as in HAZ cracking. 
2.2.2.4 Stresses 
Residual stresses in a weldment are caused by thermal contraction 
of the cooling weld metal under conditions of restraint. Restraint is 
a measure of the degree to which the structure or the material adjacent 
to the weld prevents this thermal contraction. This restraint is a 
function of the stiffness and the geometry of the joint, the members, 
and the structure containing the joint. The degree of restraint is a 
very difficult factor to evaluate quantitatively and is probably best 
judged by experience. Figure 2.4 shows examples of what may be 
classified as high, medium, or low restraint. 
Poor joint fitup can also cause an increase in stresses. When the 
parts to be welded are not positioned properly, more weld metal is 
required to make the connection. The stress from thermal contraction of 
the weld metal is increased due to the larger amount of metal in the 
joint. 
It should be emphasized that all joints have some residual stresses 
in them after welding. These stresses come from restraint, excessive 
weld metal and internal weld shrinkage as the joint cools. The important 
question is not whether or not there are stresses, but rather the magnitude 
of these stresses. 
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2.2.3 Phenomenon of Cold Cracking 
The principal factors involved in cold cracking have been discussed. 
Following is a short summary of how these factors working together cause 
cold cracking in weldments. 
2.2.3.1 Phenomenon of Heat-Affected Zone Cracking 
The process of HAZ cracking has been described by Stout and Doty(ll) 
as follows: 
1) Hydrogen is introduced to the hot weld metal and dissolves 
into the weld pool as atomic or ionized hydrogen. 
2) As the weld metal cools, it becomes supersaturated in 
hydrogen and some diffuses into the HAZ. 
3) Under rapid cooling, the hydrogen does not have enough 
time to diffuse out of the HAZ. Also, the rapid cooling 
increases the chance for the HAZ to transform from 
austenite to hardened martensite. 
4) Atomic hydrogen is insoluble in martensite and seeks rifts 
and discontinuities in the lattice where it collects at a 
high energy state. 
5) External stress caused by thermal contraction combined 
with the effects of the trapped, high energy hydrogen 
causes the discontinuities to enlarge to crack size. 
6) It takes time for the hydrogen to diffuse to the new crack 
root and cause the crack to enlarge by the same mechanism 
as step 5. (Delayed Cracking) 
7) This process repeats itself until the stress in the weld 
is relieved. 
2.2.3.2 Phenomenon of Weld Metal Cracking 
Again, relatively little information is available to explain the 
mechanism of weld metal cracking. Hydrogen and stress play an important 
role in much the same way as in HAZ cracking. However the process of 
crack formation is not clearly understood. It has been observed that 
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microcracks in the weld metal are often associated with small non-metallic 
inclusions which provide sites for initiation. Results reported later for 
this study confirm that observation. 
2.2.4 Methods of Controlling Cold Cracking 
Since cold cracking is caused by the combined actions of hydrogen, 
a susceptible microstructure, and stress, it can be expected that by 
controlling or minimizing one or more of these three factors, the 
occurrence of cold cracking can be reduced. However, 'control of these 
factors must be such that considerations for both HAZ cracks and weld 
metal cracks are satisfied. 
The basic relationships among the variables responsible for cold 
cracking and the methods of controlling these variables are summarized 
in the flow diagrams in Figures 2.5 and 2.6. These methods will now be 
discussed. 
2.2.4.1 Control of Hydrogen 
There are several ways of minimizing the hydrogen content of a 
weldment. The first is the use of low hydrogen electrodes such as AWS 
classes EXXl5, EXXl6, EXXl8, and EXX28. Also, different welding processes 
such as submerged arc welding, gas metal arc welding with Ar or CO2 gas, 
and flux-cored welding with CO2 give lower hydrogen contents than the 
shielded metal-arc welding process. Another measure to control hydrogen 
is to insure that no moisture is introduced into the weld. All welding 
surfaces should be dry and electrodes should be properly baked to remove 
moisture. Cleanliness is another important consideration in controlling 
hydrogen. Removal of paint, grease, rust, crayon marks, oil, soil, or 
any other contaminants will reduce the hydrogen level of the final weld. 
If hydrogen is introduced into the weld, maintaining joint heat after 
welding for a sufficient time to allow the hydrogen to diffuse out of 
the weldment can help to minimize the hydrogen before it has a chance 
to do any damage. Post heating tends to increase the diffusion rate as 
well as reduce the cooling rate and thus serves a double purpose. 
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2.2.4.2 Control of Hydrogen Embrittlement in the Heat-Affected Zone 
In order to control hardening of the HAZ microstructure of many 
steels, it is necessary to provide a cooling rate that is compatible with 
the steel chemistry. In other words, the higher the CE value for a given 
steel, the slower the cooling rate through 5720 F (3000 C) (R572 or R300) 
must be to avoid hardening. A slower cooling rate can be achieved in 
several ways. One way is to preheat the steel to a predetermined 
temperature and to maintain the same temperature as interpass temperature 
throughout the welding process. The effects of preheat on reducing the 
cooling rate have already been discussed. Another method is to increase 
the arc energy which will also reduce the cooling rate. By carefully 
selecting the arc energy and the preheat, a cooling rate which is low 
enough to restrict HAZ hardening to the desired level can be achieved. 
The voltage or amperage can be increased or the weld speed can be 
decreased to modify the arc energy. However, caution must be taken in 
adjusting these variables since they are also important factors in 
controlling other types of discontinuities. Post-heat by retention of 
the interpass temperature for a period after the completion of welding 
can also be used to reduce the cooling rate. The three methods for 
controlling cooling rate, namely preheat, higher arc energy, and post-
heat, should be coordinated to produce the most efficient means of 
reducing the cooling rate to the desired level. 
Bailey(6) has developed relationships between steel chemistry and 
the cooling rate necessary to give a specified critical hardness; he 
used 350HV as the critical hardness for other than low hydrogen conditions 
and 400HV as the critical hardness for low hydrogen conditions* to 
protect against HAZ cracking. In his tests, he found approximately 
straight line relationships between CE and (R300)cr' where (R300)cr ;s the 
critical 3000 C cooling rate to produce a maximum HAZ hardness of 350HV 
or 400HV. The relationships are as follows: 
* The microstructure can tolerate an increased hardness without cracking 
due to the lower level of hydrogen present. 
Where: 
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__ 1 __ (350 HV) = [2.l(CE) - 0.63] 
(R300 ) cr 
__ 1 __ (400 HV) = [1.9(CE) - 0.63] 
(R300 )cr 
CE = C + Mn+Si + Cr+Mo+V + Ni+Cu 
6 5 15 
( 9) 
(10) 
By using these relationships, the hardness of the HAl can-be controlled in 
an attempt to avoid cold cracking. 
Bailey(12), Coe(5), and Bradstreet(13) have presented welding 
requirements to avoid cold cracking based on relationships similar 
to those described above and in Section 2.2.2.2. By relating the critical 
cooling rates to preheat temperature, arc energy, and thermal severity, 
the investigators developed suggested welding procedures to avoid HAl 
cold cracking. 
2.2.4.3 Control of Hydrogen Embrittlement in the Weld Metal 
Since the mechanism of hydrogen embrittlement in the weld metal is not 
clearly understood, it is not possible at this time to clearly define how 
to control embrittlement. Control of hardness could be a key, as is the 
case for HAl embrittlement, but more analysis and testing will be required 
to confirm this. 
2.2.4.4 Control of Stresses 
The third factor that might be controlled to minimize the possibility 
of cold cracking is stress, but stress is the most difficult of the three 
factors to control. To minimize stress on a welded joint, the joint 
should have as little restraint as possible and all members properly fit-
up for welding. Since it is often difficult to assess restraint or fit-
up, these variables are obviously difficult to control. Experience and 
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judgement should be used wherever possible to reduce joint stress, 
insure proper fit-up and avoid the use of excessive weld. 
2.3 Hot Cracking 
2.3.1 Introduction 
Hot cracking is the term used for cracks which form while the weld 
metal is solidifying. Shrinkage stresses in the weld tend to tear the 
weld while it is in a hot plastic condition and at high temperatures. 
The cracks are usually intercrystalline in nature so the conditions between 
the crystals are of importance. Hot cracks can occur in either the weld 
metal or the base metal HAZ, but the phenomenon of formation and the 
methods for avoiding the flaws are basically the same for either type of 
hot crack. 
2.3.2 Principal Factors Affecting Hot Cracking 
There are two categories of factors affecting the formation of 
hot cracks: metallurgical and mechanical factors. 
2.3.2.1 Metallurgical Factors 
During the solidification of weld metal there are many compounds 
formed that are present in their liquid phase at the grain boundaries which 
can produce hot cracks. Various elements in the base metal and filler 
metal have an affect on the formation or presence of these compounds. 
Sulfur is probably the most harmful element since it can react to form many 
low freezing temperature compounds, such as iron sulfide (FeS). Carbon is 
another harmful element because it has an influence on the liquid phase of 
the weld metal. Carbon tends to decrease the high temperature ductility 
of the weld metal. 
The silicon, phosphorous, and nickel contents also have an effect on 
the hot cracking tendencies of a weld. Silicon and phosphorous do not affect 
the liquid phase of the weld metal directly, but they promote segregation 
of the sulfur and therefore aid the sulfur reactions. Nickel has a more 
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direct influence on the liquid phase but its effects on cracking are not 
clearly understood~ 
2.3.2.2 Mechanical Factors 
No matter how pronounced the liquid phase is in the weld metal, hot 
cracks will not form unless tensile stresses are imposed on the weld. 
Unfortunately stresses are, impossible to avoid, and the greater the stresses 
imposed during solidification, the more severe the cracking will be. Size 
and thickness of the base metal, joint design, and size and shape of the 
weld bead all have an influence on the mechanical stresses present in a 
weld. 
2.3.3 Phenomenon of Hot Cracking 
Basically, hot cracks are intercrystalline tears occurring at or 
just below the range of solidification of the weld metal (generally 
greater than lOOOOc). Usually the cracks are located in the metal last 
to freeze. 
Borland(14), in considering the mechanism of cracking, suggests that 
during solidification of a weld, the metal goes through many phases and 
the various compounds produced during these phases affect the hot cracking 
tendencies of the weld. Two factors are considered necessary for a 
compound to cause hot cracking: it must exist over a wide freezing range; 
and while in a liquid state, it must be present in a distribution 
which will allow high stresses to be built up between the grains. 
Considering these two factors, a relative potency factor is established 
for each element found in the weld metal. The higher this factor is, the 
higher the potential for compounds formed from the element to produce 
hot cracking. Potency factors for various elements will not be quoted 
here, but the five most important elements causing hot cracking (sulfur, 
phosphorous, carbon, silicon and nickel) were all found to have relatively 
high potency factors. 
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2.3.4 Methods of Controlling Hot Cracking 
Since certain compounds produced in the weld metal during solidification 
are the major source of hot cracks, controlling the presence of these 
compounds, or the elements which produce them, should minimize hot 
cracking. 
Sul fur compounds have the greatest infl uence on hot cracking; 
therefore, the sulfur.content in the base metal and filler metal should be 
kept low to keep,the sulfur content in the weld metal low! 
Carbon is another element that has been shown to have a major 
influence on hot cracking. The level of carbon present in a base metal 
can't be altered to any great extent but the effects. of carbon can be 
offset by high Mn/S ratios. It has been shown(15) that with a carbon 
content of the weld metal between 0.06% and 0.11%, hot cracks can be 
completely eliminated when Mn/S >22, while for carbon contents between 
0.11% and 0.13%, a ratio over 30 is required to eliminate hot cracking. 
With carbon contents greater than 0.13%, the Mn/S ratio does not seem to 
have much effect because the carbon content becomes so critical. These 
values were determined from tests made on welds under high restraint in a 
Murex hot cracking test. 
Very little data is available concerning control over the other 
elements reported to affect hot cracking. The best approach is to keep 
the phosphorous, silicon, and nickel content reasonably low in the base 
metal to keep their effects minimal. 
Considering all the factors discussed above, Borland(14) has 
suggested the following weld metal composition to minimize hot cracking. 
C = 0.12 max 
Mn = 0.50 mi'n 
S = 0.035 max 
p = 0.040 max 
~1n/S = 14.3 min 
'* .... Limitating or mlnlmlzlng the sulfur content will also help to reduce 
somewhat the tendency for lamellar tearing to develop in certain types 
of joints. 
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In general, this camposition shauld produce crack free welds in semi-killed 
or killed steel under low restraint conditions. If the restraint is high, 
the manganese content should be increased. 
Anather factar which must be considered to minimize hot cracking is 
stress but, as noted in Section 2.2.2.4, stress is ~ very difficult 
factar to assess and cantral. The joint design should pravide gaad joint 
fit-up, avaid excessive amounts o.f weld, and specify procedures and details 
that minimize the restraint to which the weld is subjected. Minimal 
restraint is important to insure crack free welds and ,must be considered 
in the original design as well as in fabrication. 
The basic relatianships among variables causing hot cracking and 
methods of contralling hat cracking are summarized by the flaw diagrams 
in Figure 2.8 and 2.9. 
Based on the limited information available, preliminary welding 
requirements to minimize hat cracking were developed during the early 
phases af this study. These requirements were directed tawards controlling 
the weld metal campasition as suggested by Borland(14). Considering 
the chemical cantent af most cammon bridge steels and electrodes(16), 
it was assumed that if the weld metal compasition was cantrolled to yield 
a maximum carbon cantent of 0.12%, then the other chemical content 
limitations suggested by Barland will generally be achieved. 
To find the cantent of a certain element in the weld metal, a 
namagram such as that shawn in Fig. 2.13 can be used. To. use this 
nama gram , the content af the element in the base metal and the filler metal 
must be knawn as well as the dilution percentage caused by the particular 
welding conditians. The campasitions af the base metal and filler metal can 
be found or assumed from chemical analysis ar fram specificatian, but the 
dilutian percentage is a variable that must be considered further. 
The dilutian percentage can be found far a given weld by cutting 
thraugh the weld to. reveal the crass-sectianal area af the weld nugget. 
Dilutian is then calculated as the area of the weld within the initial 
autline of the base metal (penetratian), divided by the tatal nugget area. 
Using the diagrams shown in Fig. 2.14 of same typical weld configuratians, 
dilution is calculated as I, where A is the tatal nugget area (B+C) and 
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8 is the penetration area. To calculate the dilution percentage expected 
for given welding procedures, graphs presented by Jackson and Goodwin (17) 
were used. Jackson and Goodwin conducted studies on the weld configuration 
and penetration for weld - 1, shown in Fig. 2.14. They developed graphs 
which relate width of the weld, w, to the weld speed, the penetration of 
the weld, p, to the arc energy and the total nugget area, A, to the arc 
energy. From these g~aphs, a theoretical penetration area, B', for a 
weld can be calculated as BI = (wxp) ° For weld -1 shown in Fig. 2.14, 
if the weld shape is assumed to be parabolic, the actual penetration 
area, B, is B = 0.758 1 • The dilution percentage can then be calculated 
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as AO 
The weld configuration also has an affect on the actual penetration 
area, B. Figure 2.14 shows the various welding configurations considered 
herein. Weld 1 is the base weld used by Jackson and Goodwin(17), which 
is not a common type of weld. To use the data from Jackson's graphs(17) 
on more common types of welds, assumptions were made also of the 
correlation between degrees of penetration (low, medium or high) and the 
actual penetration areas. These assumptions are as follows: 
Low Penetration 8 = 1.. 8 1 4 
Medium Penetration B = 1.. BI 2 
High Penetration B = .£ B' 3 
The degree of penetration of a weld can be assumed from experience with a 
particular weld configuration, or the penetration levels shown in Fig. 2.14 
for various welds (weld 2, 3, or 4) can be used. 
The data in Jacksonls and Goodwinls graphs(17) show that dilution 
increases with increasing arc energy, increasing weld speed, and increasing 
degree of penetration. Using the values for B given in the previous 
paragraph and the actual nugget areas, A, given in Jackson's graphs, 
the expected dilution percentages, shown in Table 2.1, were calculated 
for various combinations of arc energy, weld speed, and penetration level. 
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With dilution percentages established for given welding conditions, 
the next step was to find the allowable dilution percentage that will yield 
the desired chemical composition in the weld metal. Using Table 2.1, 
Figure 2.13, and the desired weld metal carbon content of 0.12%, the 
maximum weld speed to minimize hot cracking can be determined at a given 
arc energy level for a particular combination of base metal and 
electrode carbon content. 
Figure 2.15 is a typical plot'(3) which was developed using the 
procedure described in the precedi,ng paragraph. The plots give the 
maximum allowable weld speed, for three degrees of penetration, to control 
hot cracking as a function of arc energy (arc energies ranging from 20 -
65 KJ/in.). A separate plot was developed for each of several combinations 
of base metal and filler metal carbon contents. The electrodes have 
been placed into three groups, determined by the expected carbon content 
of the deposited weld metal for each electrode, with group 1 having the 
lowest carbon levels. Table 2.2 is a list of the electrodes and their 
corresponding groupings. 
2.4 Porosity 
2.4.1 Introduction 
Porosity consists of gas pockets formed in the weld metal as a result 
of entrapment of gases evolved during the welding process. These pockets 
are usually rounded or globular voids that have smooth bright interiors. 
The voids are found in many shapes and sizes, from pinholes to large voids. 
They can be elongated or pear shaped with constrictions and expansions, 
depending on how the gases evolve. Two particular types of porosity are 
often identified by specific names, wormholes and blowholes. Wormholes 
are so called because they are elongated voids with a definite worm-type 
shape and texture. Blowholes are voids which appear on the surface of 
the weld and form as the weld metal is solidifying. 
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2.4.2 Principal Factors Affecting Porosity 
Several factors have an influence on the presence of porosity in 
welds. The gases produced during welding are the principal source of 
porosity; elements that produce" these gases must be considered. Elements 
such as sulfur, carbon, and oxygen in the base ~etal, and hydrogen and 
oxygen from the filler metal or welding atmosphere produce gaseous 
compounds which promote porosity. Excessive moisture in the electrode 
coating will provide hydrogen and foreign contaminants such as oil, paint, 
or rust in the welding area can introduce oxygen ~nd hydrogen to the 
welds. 
Another important factor in porosity formation is the speed with 
which a weld deposit solidifies, and thus prevents the escape of gas 
bubbles from the weld metal. Low welding current, unacceptable arc length, 
or high travel speed produce rapid freezing rates that shorten the escape 
time. Too high a welding current or heat input may produce a weld which 
penetrates so deeply that gas bubbles have difficulty diffusing through 
the weld. 
2.4.3 Phenomenon of Porosity Formation 
During welding chemical reactions occur which produce gaseous compounds 
that dissolve in the hot metal and form porosity at the solid-liquid 
interface during solidification. Since these gases are less soluble in 
the coolest liquid steel than in the hotest liquid steel, and the rate of 
diffusion of the gases to the surface is lower than the rate of advancement 
of the liquid-solid interface, the gases are entrapped. Thus, two 
factors can obstruct the assent of gas bubbles to the surface: if the weld 
pool cools too fast the bubbles won't have time to reach the surface, 
and if the weld penetrates too deep the bubbles may have too long a distance 
to travel to the surface. 
The three reactions listed below are the most common causes of 
porosity producing gases: 
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C + 0 + CO 
5 + H2 + H25 
5 + O2 + 502 
Two other reactions can produce harmful. gases but they are much less 
active. They are: 
hydrogen-oxygen or water vapor reaction 
FeD + 2H + Fe + H20 
carbon-oxygen reaction 
FeD + C + Fe + CO 
2.4.4 Methods of Controlling Porosity 
One of the best ways to control porosity IS to reduce 
of gas evolved during welding. The three major sources of gaseous 
producing elements in the welding process are the parent metal, the electrode 
and the atmosphere. Keeping the sulfur content low in the base metal will 
help eliminate the most harmful gas, H2S, using low hydrogen electrodes 
and electrodes kept free of moisture will help reduce the amount of hydrogen 
present, and keeping the surfaces to be welded clean and free from 
contaminants will reduce the availability of hydrogen and oxygen. 
The introduction of deoxidation elements during the welding or the 
casting of the base metal or filler metal will help control porosity by 
reducing available oxygen. Gases such as carbon monoxide (CO) and sulfur 
dioxide (S02) will be reduced in this way. Deoxidizing elements such as 
aluminum, manganese, and silicon can be introduced in the base metal or 
the welding atmosphere. Providing these elements to the base metal or filler 
meta 1 produces kill ed or semi -kill ed steel, as opposed to rimmed steel, 
and thus helps minimize porosity. 
Another important method of controlling porosity is to alter the 
welding procedure such that the distance a gas must travel to escape the 
weld pool is shortened or that the time the gas has to travel through the 
weld pool is lengthened. A slow steady cooling rate will help lengthen 
the time to a maximum. High heat input and preheat can help to produce 
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the desired reduction in cooling rate. Although too high a heat input 
produced by excessive current or voltage can cause excessive penetration 
into the base metal and result in the gases having too long a distance to 
travel. Therefore, the heat input must be kept within a range that will 
provide optimal conditions. Another parameter which affects the escape 
of the gases from the weld pool is the welding speed. High speeds 
produce excessive amounts of porosity. If the speed is kept down, the 
heat input is increased thus reducing the cooling rate. 
The general relationships between the variables responsible for porosity 
and the methods that help control porosity are summarized in the flow 
diagram shown in Figure 2.10. 
2.5 Slag Inclusion~ 
2.5.1 Introduction 
Slag inclusions are non-metallic materials which are trapped in a 
weld. They can range in size from very small globules to large long bands 
along the axis of the weld. Entrapment can be due to slag becoming mixed 
in the weld pool or due to surface slag not being completely removed 
and then being covered by succeeding passes. 
2.5.2 Principal Factors Affecting Slag Inclusions 
During welding a non-metallic slag is deposited on the weld surface. 
This slag comes from the electrode covering in shielded metal-arc welding, 
or from the flux used in other welding processes such as submerged arc 
and flux-core arc welding. Various factors can cause slag to be deposited 
in locations which may be hard to clean. If the electrode is too large 
to reach the bottom of a groove, or if the angle of the groove is too small 
to ensure good fusion at the bottom, slag may fall to the bottom and become 
trapped below the weld bead. Also, if unusual weld bead geometries are 
produced, such as V-shaped or overly convex weld bead or exaggerated 
weaves in the weld path, the slag can become trapped within the weld 
bead geometry. 
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Heat input also affects the formation of slag inclusions. Low arc 
energies result in fast cooling rates which allow less time for slag to 
escape from the weld, hence the slag becomes trapped. High arc energies 
cause higher temperatures and more stirring, which may mean more slag 
will be melted and mixed into the weld. 
Another source of inclusions is the reaction of oxidizing gases 
produced during welding. These gases react with elements such as iron, 
aluminum, silicon, and manganese. When excessive amounts of these 
elements are present, harmful inclusions can be formed. 
2.5.3 Phenomenon of Slag Inclusion Formation 
Once slag is introduced into the weld, high temperatures cause the 
slag to melt and stirring of the arc mixes the slag with the weld metal. 
After the arc passes, the slag begins to float to the surface of the weld. 
At the same time, the weld metal begins to cool. As it cools, the weld 
metal becomes more viscous and restricts movement of the slag. If 
insufficient time is provided for the slag to escape, it remains in the 
weld as an inclusion. 
2.5.4 Methods of Controlling Slag Inclusions 
The most important consideration in controlling the presence of slag 
inclusions, especially in multi-pass welding, is to be sure all slag is 
removed from the weld surface. Slag on the weld surface should be removed 
by backchipping, wire brushing, grinding, or air-arc gouging. Also, 
proper size electrodes and smooth continuous welding processes and procedures 
should be used so that unusual configurations are not formed to trap surface 
slag. 
For slag that becomes mixed within the weld bead, sufficient cooling 
time must be provided to allow the slag to float to the surface. High 
enough preheat or heat input must be used to avoid rapid cooling in the 
weld. Too high a heat input must also be avoided or more slag 
may become mixed in the weld. 
To control inclusions from oxide-gas reactions, excessive amounts of 
the reactive elements should be avoided in the base metal composition. 
25 
The flow chart shown in Figure 2.11 indicates the relationship 
between many of the factors that cause and help control slag inclusions. 
2.6 Lack of Fusion 
2.6.1 Introduction 
Lack of fusion is the term used to describe voids or lack of bonding 
which occur at the weld bead or weld-base metal interfaces. These voids 
occur due to the failure of the deposited weld metal and the underlying 
base metal or weld metal (multipass welds) to completely fuse together. 
Lack of fusion (LOF) discontinuities are usually elongated in the direction 
of welding, with either sharp or rounded edges depending on the conditions 
of fo rma t ion. 
2.6.2 Principal Factors Affecting Lack of Fusion 
The two major factors affecting LOF are the heat applied to the 
surface being welded and the condition of that surface. 
The heat applied to the surface depends on the arc energy and the 
welder's ability to properly manipulate the arc. Low arc energies do not 
provide enough heat to melt the underlying metal. Insufficient root 
opening, poor bead shape and poor welder technique may not allow the 
full arc energy to be directed properly to the surface. 
The amount of heat absorbed by the underlying metal depends on the 
condition of the surface. Dirty surfaces 'due to mill scale, rttst, grease. 
or other contaminants may prevent the arc heat from reaching the under-
lying metal. 
2.6.3 Phenomenon of Lack of Fusion 
During welding, the filler metal is melted and deposited on the under-
lying metal to form the weld bead. When insufficient heat is being absorbed 
by the underlying metal, it does not melt. As noted, this can be due to 
insufficient arc heat or poor surface conditions. If the underlying metal 
does not melt, it does not fuse completely with the weld bead and a void 
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is formed between the two. 
2.6.4 Methods of Controlling Lack of'Fusion 
To prevent LOF, the underlying metal must be provided with enough 
heat to allow complete fusion with the weld deposit~ The arc energy must 
therefore be high enough to melt,the underly~ng metal and provide acceptable 
weld bead shapes. Joint geometry must allow proper control of the arc. 
Narrow root openings, for example, are to be avoided. In addition, 
surfaces to be welded should be cleaned of mill scale; rust, grease, or 
any other contaminant which would shield the underlying metal from the 
arc heat. 
The flow diagram shown in Figure 2.12 indicates the relationship between 
many of the factors that cause and help control LOF. 
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3.0 DEVELOPMENT OF TEST PROGRAM 
3.1 Purpose of Test Program 
A test program was established, based on a set of preliminary welding 
requirements that were developed from the work of Bailey(6) and Coe(5). 
The purpose of the tests was to assess the validity of the proposed 
requirements. To be valid, compli~nce with the requirements also should 
produce welds with minimum discontinuities and adequate strength and 
ductility. 
The test program included the fabrication of test welds, groove 
welds and fillet welds, using various welding procedures. To determine 
the quality of the welded test specimens, the following tests were 
performed: 
1) Metallographic studies - to detect discontinuities which might 
be present. 
2) Radiographic studies - to detect discontinuities which might 
be present. 
3) Hardness Tests - to determine the microstructural hardness of 
the weldments (hardness gives indication of susceptibility to 
cold cracking). 
4) Tension Tests - to determine the strength of the welded specimens. 
5) Bend Tests - to determine the ductility of the welds and to 
detect discontinuities which might be present. 
Specific details of how the tests were conducted are discussed in Sections 
5.1 thru 5.5. 
3.2 Welding Procedures for Test Specimens 
A large number of different welding procedures is possible. However, 
since it was not within the limits of the study to check a large number of 
procedures, a systematic approach to varying the welding procedures was 
used. 
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Fifty test specimens were fabricated from mild (similar to A36), 
low alloy (A441), and quenched and tempered (A5l4) base metals, using 
E60l0, E70l8, E7024, E7028 and El1018 covered electrodes, and 
systemically varying preheat temperature, arc energy, travel speed, TSN, 
restraint, electrode, and joint type. For example, the welding procedures 
for the mild steel specimen included the following: 
1 ) Specimens AlA, Ala, and A1C to show the effect of preheat. 
2) Spec imens AlA and A2A to show the effect of arc energy_ 
3) Specimens A3A, AlA, A3B, and A3C to show the effect of TSN. 
4) Spec imens A2A and A4A to show the effect of electrode hydrogen 
1 evel . 
5) Specimens AlA, OlA, AlB, OlB, A1C, and 01C to show the effect 
of restraint. 
6) Specimens A3B, E1A, and F1A to show the effect of joint type. 
7) Specimens AlB and A1D to show the effect of plate length. 
The welding procedures for the specimen listed above form a matrix of 
welding procedures from which welding requirements will be developed. 
The same systematic approach has been used to develop the test welding 
procedures for the low alloy (A44l) and quenched and tempered (A5l4) 
steels. The details of the welding procedures used for the fifty 
specimens are listed in Tables 3.1 through 3.3. Fabrication details are 
discussed in Sections 4.1 through 4.3. 
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4.0 PREPARATION OF TEST SPECIMENS 
4.1 Equipment and Materials 
The equipment used to weld the specimens is shown in Figure 4.1a. 
Welds were made using ~ '570 amp capacity power source equiped with 
voltage and current meters for both AC and DC power. These meters were 
used to obtain the Voltage and current output of the machine during 
welding. 
Welding travel speed was monitored using the' speed indicator system 
shown in Figure 4.1b. The system consisted of variable speed guide 
mechanism normally used for automatic welding or flame-cutting. A 
pointer was attached to the mechanism for the welder to follow. By 
calibrating the variable speed motor, accurate control of welding speed 
was achieved. 
Asbestos sheets were placed under the specimen. The purpose of these 
sheets was to prevent the metal table from acting as a heat sink and thus 
altering the cooling rates of the welds. It was observed during welding 
that only minimal heat transfer to the table occurred. 
Preheats were applied to the base metal within 3-inches (76.2mm) 
of the weld using an oxy-acetylene flame. A pyrocon was used to measure 
the preheat temperature at a distance of 3-inches (76.2mm) from the weld. 
The specimens were fabricated from a 1-inch (25.4mm) mild steel plate, 
a l-inch (25.4mm) A441 steel plate and a 3/4-inch (19.1mm) A514 steel 
plate. Mechanical and chemical properties of these steels are listed in 
Table 4.1. The steel chemistries listed were determined by check analysis. 
Commercially available E6010, E7018, E7024, E7028 and El1018 covered 
electrodes were used to weld the specimens. Typical current ranges(16) 
and required mechanical and chemical properties are listed in Table 4.2. 
All low-hydrogen electrodes were stored at 3000 F (1490 C) for a minimum 
of 3 hours in a holding oven to comply with AWS specifications. 
4.2 Specimen Geometries 
Several specimen geometries were used to achieve the desired thermal 
severity (TSN) and degree of restraint. For easier reference, these 
various specimen geometries are designated as II type 1" through "type 6". 
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The geometry type of each test specimen is listed in Tables 3.1 through 3.3. 
The type 1 specimen geometry is shown in Figure 4.2. The specimen 
consists of two plates joined by a double-level (AWS B-USa) welded joint. 
Plate lengths varied as required for gripping of the tension test specimen. 
This geometry provides a TSN of 8t and low restraint on the weld. 
Types 2 and 3 specimen geometries are shown in Figure 4.3. A type 2 
specimen consists of two perpendicular plates joined by a double-level. 
(AWS TC-USb) weld. The TSN for this joint is l2t. A type 3 specimen is 
made by joining a second plate to the completed type 2 (tee) specimen with 
another double-level (AWS TC-USb) weld. The TSN for this joint is l6t. 
Low restraint is imposed on both welds. The surfaces of the tee plate to 
be welded were hand ground clean of mill scale. 
The type 4 specimen geometry is shown in Figure 4.4. 
machined to provide for a double-level (AWS B-USa) joint. 
provides a TSN of 8t and high restraint on the weld. 
A pl ate was 
This geometry 
Types 5 and 6 specimen geometries are shown in Figure 4.S. These 
specimens consist of two plates joined by two fillet welds. The first 
weld is a type 5 specimen and the second a type 6. All weld passes of 
the type S specimen were completed before welding of the type 6 specimen 
was ~tarted. The TSN for both geometry types is l2t. Low restraint is 
imposed on the first weld; a higher restraint is imposed on the second 
weld. Surfaces of the plates to be welded were hand ground clean of mill 
sca 1 e. 
4.3 Welding of SpeCimens 
The specimens were welded using the following sequence: 
1) Plates tack welded together at ends. (This was not required 
for type 4 specimen geometry). 
2) Specimen placed on asbestos sheets in alignment with speed 
indicator. 
3) Specified preheat applied. 
·4) Weld pass deposited following weld speed indicator. 
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5) During welding, voltage and current read from meters by an observer. 
These readings fluctuated rapidly within a range. The median 
was taken as the representative value. 
6) Slag covering back-chipped and brushed. (First pass also 
hand ground and brushed on bottom side· to remove slag covering). 
7) Specimen allowed to cool to proper preheat-interpass temperature. 
8) Next weld pass deposited. 
9) Process (steps 4-8) repeated until weld completed. 
4.4 Sectioning of Specimens for Testing 
After welding had been completed, a minimum of 48 hours was allowed 
for any possible delayed cracking to occur. The specimens were then 
photographed, radiographed and sectioned for further testing. 
Types 1 and 4 specimens were sectioned as shown in Figure 4.6. 
Types 2 and 3 specimens were sectioned as shown in Figure 4.7. These 
specimens were machined to provide one metallurigical specimen of each 
weld, one reduced-section tension specimen and two side bend specimen. 
Types 5 and 6 specimenswere sectioned as shown in Figure 4.8. 
These specimen were machined to provide one metallurgical specimen of each 
wel d. 
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5.0 DESCRIPTION AND RESULTS OF TESTS 
5.1 Metallographic Studies 
Metallographic studies were conducted on the specimens to detect 
discontinuities which might be present on the cut section. One face of 
the metallurgical specimens was polished and then etched with 2% nital. 
A photomacrograph was taken at 3.2 magnification to show the larger 
discontinuities that might be present. To detect smaller discontinuities 
not visible in the photomacrograph, the entire weld area was scanned 
at a 214.4 magnification. Photomicrographs were taken of the typical 
microstructures at 214.4 magnification and typical discontinuities at 
53.6, 107.2 or 214.4 magnification. These photomicrographs are shown 
in Figs. Al.l through Al.51. 
The number of occurrences of each discontinuity present at the 
cross section of the weld scanned has been described as follows: 
None (N) = 0 
Few ( F) = 1 .. 5 
Several (S) = 6-25 
Cons idera bl e (C) = 26 or more 
Results for all the specimens are given in Tables 5.1 through 5.3. 
5.2 Radiographic Studies 
Radiographic studies were conducted on many of the test specimens to 
detect the presence of discontinuities throughout the length of the weld. 
Types 1, 2, 3, and 4 specimens were radiographed after the weld 
reinforcement had been ground flush with the plates. All radiograph 
exposures were sensitive to 2% of the plate thickness. 
The frequency of the discontinuities detected on the radiographs has 
been described by the term discontinuity ratio. The discontinuity 
ratio is'defined as the ratio of the area of discontinuity visible on the 
radiograph to the cross-sectional area of the weld, expressed in percent. 
Typical radiographs of specimens with relatively high, medium, and low 
discontinuity ratios are shown in Figure 5.1. Results for all specimens are 
listed in Tables 5.1 through 5.3. 
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5.3 Hardness Tests 
The purpose of the hardness tests was to determine the microstructural 
hardness of the welded joint.: As noted previously hardness gives an 
indication of the susceptibility to cr~cking. Vickers diamond hardness 
surveys usi.ng a 200 gram load were taken on the polished and etched 
metallurgical specimens at the locations shown in Figure 5.2. Additional 
readings were taken as required in the base metal HAZ near the last 
weld pass. The data from these surveys are summarized in Tables 5.1 
through 5.3. Typical hardness values are plotted in Figures 5.3 through 
5.B for specimens AlA, A1C, B1A, B1C, C1A and C1C. 
5.4 Tension Tests 
The purpose of the tension tests was to determine the strength of 
the welded specimens. Reduced-section tension tests were conducted on 
types 1, 2, 3 and 4 specimens. Dimensions of the typical tension 
coupon specimens were in accordance with Figure 5.10.1 .3F of the AWS 
Structural Welding Code(l). The computed ultimate stress and locations 
of failure of these specimens are listed in Tables 5.1 through 5.3. 
Photos of the tension-test failure surfaces are shown in Figure 5.9. 
5.5 Bend Tests 
The purpose of the bend tests was to determine the soundness and 
ductility of the welds. Guided side bend tests were performed on type 1, 
2, 3 and 4 specimens. Dimensions of the bend test specimens and testing 
were in accordance with Figures 5.10.1.3H and 5.27.1A, respectively, of 
the AWS Structural Welding Code(l). Results of these tests were evaluated 
by criteria outlined in Section 5.12.2 of the AWS Structural Welding 
Code(l). These criteria are as folloWs: 
IIAny specimen in which a crack or other open 
discontinuity exceeding l/B-:inch (3.·2mm) 
measured in any direction shall be considered 
as having failed. Cracks occuring on the 
corners of the specimen during testing shall not 
be considered. II . 
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When more than one open discontinuity occurred, the sum of these were 
considered in the evaluation. The results of these tests are summarized 
in Tables 5.1 through 5.3. Photos of the tested bend specimen are 
shown in Figure 5.10. 
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6.0 DISCUSSION AND ANALYSIS OF TEST RESULTS 
6.1 Effect of· Plate Length 
As stated in Section 3.2, specimens AlB and A1D show the effect of 
specimen plate length (perpendicular to the weld). During the initial 
phase of specimen fabrication, it was thought that a 5-inch plate length 
might not provide enough metal to model an infinite heat sink; the 
available metal would become saturated with the welding heat and not cool 
the weld properly. To investigate this possibility, specimens AlB 
(5-inch plate length) and A1D (20-inch plate length) were fabricated first. 
The test results for these specimens are summarized in Table 5.1. The 
hardness values (a function of the cooling rate) are approximately the 
same; it was concluded that the 5-inch plate length used for several of 
the specimens would provide an adequate heat sink to represent a longer 
plate. This conclusion is in agreement with Linnert(15), who has stated 
the fo 11 ow; ng: liThe coo 1 ; ng of the hea t-a ffec ted zone is determ i ned 
largely by the volume of base metal within a 3-inch radius of the weld. 
The base metal outside of this radius is too far removed to be 
influential in determining the rate at which heat is withdrawn from the 
relatively narrow heat-affected zone, at least during the early important 
stages of cooling. 1I 
6.2 Cold Cracking 
As discussed in Sections 5.1 and 5.3, hardness tests were conducted 
to determine the susceptibility of the test specimens to cold cracking 
and metallographic studies were conducted to determine what cold cracking 
had occurred. Following is a discussion and analysis of the results 
of these tests. 
Results of the hardness surveys of specimens AlA, A1C, B1A, B1C, 
C1A, and C1C (plotted in Figs. 5:'.,3 through 5.8) show the following. First, 
specimens AlA (341HV) and B1A (490HV) had greater maximum hardnesses than 
specimens A1C (232 HV) and Ble (294 HV), respectively. Thus, for the mild 
and low-alloy steels, preheat temperatures of 2250F and 3000F had a 
beneficial effect in reducing hardness. However, specimens C1A (457 HV) 
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and Cl C (457 HV) had the same maximum HAZ hardness even tho.ugh Cl Chad 
been prebeated to 3000 F. Thus, for the quenched and tempered steel, 
preheat did not have a beneficial effect in reducing HAZ hardness. 
Second, for specimens A1C, B1A, B1C, C1A~ and C1C (multipass welds), the 
maximum HAZ hardness occurred near the fusion line of the last weld pass. 
The portion of the base metal HAZ formed by the other weld passes was 
tempered by the subsequent weld passes. However, for specimen AlA (see 
Figure Al .21g), the last weld pass occurred at the top-center of the 
weld cross section and tempered all of the base metal· HAZ. Thus, for 
specimen AlA a lower maximum hardness was measured than would have 
occurred if the last weld pass had been adjacent to the base metal. 
The effects of the various welding variables included in this study 
on the HAZ hardness are illustrated in ~igs. 6.1 through 6.3. In these 
fi gures, the ranges of measured HAZ hardness have been plotted for the 
various specimens; they have been grouped to show the effect of preheat, 
arc energy, thermal severity number, electrode and joint type. Based on 
the data and these figures the following observations can be made. For 
the mild steel specimens (see Fig. 6.1) and the low-alloy steel specimens 
(see Fig. 6.2), an increase in preheat, an increase in arc energy, and a 
decrease in TSN (factors which reduce cool ing rate) resulted in a reduced 
maximum HAZ hardness. It is noted that for specimens AlA (Fig. Al .. 2-
top center of weld cross-section), D1A (Fig. Al.30 - bottom right of weld) 
and A3C (Fig. Al.9 - bottom center of weld) the last pass was deposited on 
the weld metal and not base metal. Consequently, it has been concluded, 
for reasons discussed in the preceding paragraph, that all of the HAZ 
was softened. For the quenched and tempered steels (see Fig. 6.3) the 
effects of preheat, arc energy, and TSN were small, although specimens 
C2B and D2C (high arc energy) and C3A (low TSN) had slightly reduced 
maximum hardnesses. 
The type of electrode in general had little effect on hardness; this 
is to be expected. It is noted that for specimen B4B, the last weld pass 
(bottom of weld cross-section in Fig. Al.2.lg) did not form base metal HAZ 
but retempered the portion of the HA~ formed by the underlying weld pass. 
This probably accounts for the lower hardness (412 HV) as compared to 
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specimen B2A (473HV). The effect of joint type was also small; the full 
penetration (TC-U5a) joints had only slightly greater maximum hardnesses 
than the fillet welds. Finally, the effect of type of welding current 
was small; specimens E4A and F4A (DCEP-reverse polarity) had, on the 
average only sl.ightly higher maximum hardnesses than specimens E4B and 
F4B (DCEN-straight polarity). 
In summary, factqrs which reduced the cooling rate (increased 
preheat, increased arc energy, or decreased TSN) reduced the maximum 
HAZ hardness for the mild steel and low-alloy steel specimens, but did 
not have a significant effect on the maximum HAZ hardness of the quenched 
and tempered steel specimens. Also, the electrode type, joint type, and 
type of current did not affect· the maximum HAZ hardness. 
The relationship between the welding procedures used for this study 
and the welding requirements suggested by Coe(5), Bailey(12) and 
Bradstreet(13) to minimize HAZ cold cracking are shown in Figs. 6.3 
through 6.6 Plotted in these figures are curves which represent the 
suggested preheat temperatures as a function of TSN for a given arc 
energy and hydrogen level. As discussed in Section 2.2.4.2, these 
suggested preheat temperatures are based on HAZ hardness control. Thus, 
a welding procedure which plots above a given curve should, according to 
the reference indicated, produce a maximum HAZ hardness which is lower 
than the critical hardness for which the curves have been developed. 
Conversely, a welding procedure which plots below a given curve should 
produce a maximum HAZ hardness which is higher than the critical hardness. 
The current AWS Structural Welding Code(l) minimum preheat temperatures 
are shown, assuming that two equal sized plates are being welded as is 
the case for the test specimens. 
Also plotted in Figs. 6.4 through 6.6 are the welding conditions for 
the test specimens which are indicated by the specimen identification, 
maximum measured HAZ hardness (number in parenthesis), and sympols which 
refer to the type of cold cracki.ng found in the specimens (W=weld metal 
cracking, C = HAZ cracking). Based·on these figures, the following 
observations have been made. 
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First, for the mild steel specimens (see Fig. 6.4) and the low-alloy 
steel specimens (see Fig. 6;S), the hardness values indicate that curves 
which fall about midway between those sU,ggested by Bailey(l2) and 
Coe(S) would best predict the critical HAZ hardness. All mild and low-
alloy steel specimens which plotted above the Bailey curves had maximum 
measured HAZ hardnesses that were less than the critical hardness. 
However, for the quenched and tempered steel specimens (see ~ig. 6.6), 
the AWS(l) and Coe(S) curv~s do not appear to provide an adequate means 
of controlling hardness. As discussed in the preceding paragraphs, cooling 
rate (basis of the curves) did not appear to have a significant effect on 
maximum hardness of the quenched and tempered steel specimens and hence 
hardness control by this method does not appear possible;' Graville(4) has 
come to the same conclusion. 
Second, no HAZ cracks occurred in any of the low restraint (types 1, 
2, 3, and S geometry) or medium restraint (type 6 geometry) mild or low-
alloy steel specimens, even though several of these specimens had hardnesses 
which were greater than the critical hardness. This suggests that under 
conditions of low restraint, higher critical hardnesses than those suggested 
can probably be tolerated without HAZ cracking. However, under conditions 
of very high restraint (type 4 geometry), specimen OlC (Figs. Al .32 and 
S.lO) cracked even though the maximum measured HAZ hardness was well 
below the suggested critical hardness (232 HV«3S0HV). Graville(4) has also 
observed HAZ cracks in soft microstructures in very highly restrained butt 
welds. This suggests that under conditions of very high restraint, either 
lower critical hardnesses than those suggested or some other form of 
treatment must be used to minimize HAZ cracking. Thus, it is apparent that 
restraint should playa significant role in the establishment of a 
critical HAZ hardness. 
Weld metal microcracks occurred in many of the test specimens welded 
with E60l0 electrodes, but were not observed in welds produced with E7024, 
E7028, E70l8, or El1018 electrodes. The microcracks were often associated 
with small inclusions (see Figs. Al.2through Al.9, Al.30, Al .31, Al.38, 
and Al .39); Graville(4) has 'suggested'tha~ the inclusions provide sites 
for initiation of cracking. The microcracks which appear in the retempered 
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weld zones probably occurred in the weld metal and remained when the 
surrounding metal was retempered by a succeeding weld pass. Hardness 
readings taken near weld metal microcracks in several of the specimens 
ranged from '187 HV to 238 HV. Furthermore, it was 0 bserved tha t the 
cracks did not always occur in the hardest portion of the weld metal. 
The effects of various welding variables on weld metal microcracking 
are illustrated in Fig~re 6.7. Increased preheat temperature, increased 
arc energy, and decreased TSN (factors which reduce cooling rate) reduced 
the occurrence of microcracks, as did the use of low-hydrogen electrodes. 
Thus it is apparent that these variables play an important role in much 
the same way as in HAZ cracking. In fact, inspection,of Fig. 6.4 shows 
that test procedures using EG010 electrodes which are above the Bailey(12) 
curves (developed for HAZ craCking) did not produce microcracking, and test 
procedures which are below the Bailey curves did produce microcracking. 
It is apparent that even though the Bailey curves were not developed for 
weld metal microcracking, they do give a good indication of the welding 
requirements necessary to minimize the microcracking. 
6.3 Hot Cracking 
Preliminary welding requirements to minimize hot cracking were 
developed in Section 2.3.4. Figures 6.8 through 6.10 show the relation-
ship between the proposed welding requirements (plotted as curves) and 
the test welding procedures. A welding procedure which plots to the left 
of the curves should not produce hot cracking. Conversely, a welding 
proce~ure which plots to the right of the appropriate curve (depending on 
degree of penetration) should produce hot cracking. 
The presence of hot cracking was detected in several specimens in 
the meta1lographic inspections. These specimens are indicated by the 
symbol "H" (Figs. 6.8-6.10), and photos of typical hot cracks are shown 
in Appendix A. Although only a limited number of data points are 
available, some trends do develop. For the mild steel specimens (see 
Fig. 6.8), there is a fairly good agreement between predicted and actual 
behavior, but some adjustment appears to be necessary for the Group 2 
electrodes. For the low-alloy steel specimens (see Fig. 6.9), the 
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preliminary requirements appear to be too conservative. For the quenched 
and tempered steels (see Fig. 6.10), there is good agreement between 
predicted and actual behavior, "but again only a limited number of data 
points are available for comparison. 
6.4 Porosity, Slag Inclusions"andLack'of Fusion 
The effects of various welding variables on the radiographic 
discontinuity ratio are shown in ~igs. 6.11 through 6.13. From these 
figures, it is difficult to detect definite trends between discontinuity 
ratio and the welding variables. However, it appears that in general an 
increase in arc energy reduces the discontinuity ratio. It would also be 
expected from the discussion in Section 2, that an increase in preheat 
temperature and a decrease in TSN (facto~s which reduce ~ooling rate) 
would also reduce the discontinuity ratio, but this cannot be shown 
conclusively on the basis of the test results. 
For the mild steel specimens which were welded with E6010 electrodes 
(see Fig. 6.11), the discontinuity ratio varied from 17 to 56%. The 
specimens were welded with an arc energy ranging from 21 to 34 KJ/in. 
and a current ranging from 108 to 133 Amps (see Table 3.1). The 
recommended current range for this electrode is 140-225 Amps. (see 
Table 4.2). The welding conditions selected for the mild steel specimens 
welded with E6010 electrodes were based on a desire to produce cold 
cracking. To insure this, low currents were selected to limit the arc 
energy. Thus, by using a current below the recommended current range a 
relatively high discontinuity ratio was produced. 
For the low-alloy steel specimens which were welded with E7018 
electrodes (see Fig. 6.12), the discontinuity ratio varied from 1 to 16% 
which is on the average considerably lower than for the mild steel E6010 
specimen group. The specimens were welded with an arc energy ranging from 
31 to 56 KJ/in. and a current ranging from 189 to 289 Amps. (see Table 3.2). 
The recommended current range for this electrode is 170-280 Amps. (see 
Table 4.2). Thus, the test welding cur~ents ranged from within to 
slightly above the recommended range. Comparison of this specimen group 
to the mild steel E60l0 s pe~c imen grou p 'shows tha t by stayi ng wi thi n the 
L. ~. ~:':. 
- .. ~ ::. ~"' 
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recommended electrode current r~nge, a lower discontinuity ratio is 
produced. 
For the quenched and tempered steel specimens which were welded with 
E1l018 electrodes (see Fig. 6.13), the discontinuity ratio varied from 
1 to 7% which is on the average somewhat lower ·than for the low alloy 
steel E7018 specimen group. The specimens were welded with an arc 
energy rang ing from 32 to 69 KJ/ in. and a current rang i ng from ·187 to 
291 Amps (see Table 3.3). The recommended current range for this 
electrode is "60-280 Amps (s·ee Table 4.2). Thus the test welding 
currents were within to slightly above the recommended range. In general 5 
the arc energies were higher, the TSN was lower, and. the preheat 
temperatures were slightly higher than for the low alloy E7018 specimen 
group. 
In summary, the use of increased arc energy and maintaining proper 
current reduced the discontinuity ratio. Increased preheat temperature 
and reduced TSN would also be expected to reduce the occurrence of 
discontinuities but the test results do not show this latter effect 
conclusively. 
6.5 Tensile Strength 
The effects of various weldi.ng variables on joint efficiency are 
shown in Figs. 6.14 through 6.16. These figures show that the major 
influence of the welding variables is their effect on the development of 
weld discontinuities. Significant reductions in joint efficiency occurred 
only in the presence of weld discontinuities such as weld metal micro-
cracks, HAZ cracks, slag inclusions, and lack of fusion. For instance, 
specimen AlA had a 12% reduction in joint efficiency due to the combined 
effects of slag, LOF, and weld metal microcracks. Specimen D1A had a 30% 
reduction in joint efficiency due to the combined effects of slag, LOF, 
weld metal microcracks, and HAZ cracking. Specimen D2C had a 27% 
reduction due to the combined effects of hot cracking and slag. It is 
apparent that discontinuities can result in significant reductions in joint 
efficiency~ .the various we1d~ng variables are important factors in the 
formation of the discontinuities~ Katz Reference Room 
Db1vers1ty of Illinois 
B106 NeEL 
208 N. Romine street 
Urbana, Illinois 61801 
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6.6 Ductility 
Side bend tests were conducted to determine the ductility of the welded 
specimens. The results of the tests are summarized in Tables 5.1 through 
5.3. 
Of the mild steel specimens (see Table 5.1 and -Fig. 5.10), only 
specimen A3A passed the bend tests. Specimens A1C and A4A failed during 
bending due to the formation of cracks which initiated at discontinuities. 
The other specimens of this group failed prior to bending due to 
discontinuities which exceeded the testing criteria outlined in Section 5.5. 
Of the low-alloy steel specimens (see Table 5.2 and Fig. 5.10), only 
specimens B2B and D3A passed the bend tests. It is noted-that specimen 
B2B was welded using the highest arc energy and had the lowest discontin-
uity ratio of this specimen group. Specimens B1C, B4B, and D3B failed 
prior to bending due to discontinuities which exceeded the testing criteria. 
The other specimens of this group failed during bending due to the 
formation of cracks which initiated at discontinuities. 
Of the quenched and tempered steel specimens (see Table 5.3 and 
Fig. 5.10), only specimen C3A passed the bend tests. Specimen D2C failed 
prior to bending due to discontinuities which exceeded the testing 
criteria. The other specimens of this group failed during bending due 
to the formation of cracks in the HAl. It was observed that the cracks 
initiated in areas of the HAl which had experienced necking deformations; 
no noticeable deformations occurred in the weld metal or base metal. It 
is further noted that many of the quenched and tempered steel specimen 
HAlls were softened by the welding (see Fig. 6.3), thus reducing the yield 
strength. Linnert(15) observed failures in bend tests of quenched and 
tempered steel specimens welded with electrodes which over-matched the 
base metal yield strength. Linnert suggests that excessive localized 
elongation occurs in the lower-yield-strength steel. Based on the 
observation that excessive deformations occurred in the HAlls, it has been 
concluded that one or both of the factors discussed above contributed 
to the failure of the quenched and tempered bend test specimens. 
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In summary, the test results of the mild and low-alloy steel specimens 
further demonstrates the importance of minimizing discontinuities. Many 
of the specimens were not able to deform sufficiently due to stress 
concentrations caused by the discontinuities. For the quenched and 
tempered steel, the test results show that the weld metal should not 
overmatch the base metal strength excessively and the arc energy must 
be properly controlled to avoid softeni.ng in the HAZ. 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 
7 . 1 Co 1 d Crack i ng 
As discussed in Section 6.2, the test results show that the preheat 
temperatures recommended by Bailey(12) give a slightly conservative 
prediction of maximum HAl hardness. The test results also show that 
a greater HAl hardness can· be tolerated without HAl cracking under 
conditions of reduced restraint. For example, Bailey(12) and Coe!5) 
among others, suggest critical hardnesses of 350HV (oiher-than-low 
hydrogen) and 400HV (low hydrogen) for conditions of medium restraint 
(see Fig. 2.4). However, low restraint specimens A3B (other-than-low 
hydrogen) and B3C (low hydrogen) tolerated hardnesses of 399HV and 509HV 
respectively, without HAl cracking. Furthermore, it was observed that 
the preheat temperatures recommended by Bai ley(12) to minimi ze HAl crack-
ing in medium restraint joints were sufficient to minimize weld metal 
microcracking even in the test specimens welded with E6010 electrodes. 
Based on the above findings, Table 7.1 has been developed which 
summarizes the preheat temperatures recommended to produce HAl hardnesses 
which are less than the critical hardnesses. The critical hardnesses 
selected for the various welding conditions are summarized in Table 7.2. 
Table 7.1 has been consolidated to some extent to produce Table 7.3, 
which lists the recommended preheat temperature for a given TSN, arc 
energy, CE, and hydrogen level. Linear interpolations may be made for 
conditions which fall between those tabulated. 
A comparison of the recommended preheat temperatures to the current 
AWS Structural Welding Code(l) requirements is shown in Figure 7.1. 
In plotting the AWS Structural Welding Code requirements, it has been 
assumed that two equal thickness plates are being joined. For a typical 
mild steel (see Fig. 7.la), the recommended preheat temperatures are for 
the most part below those specified by the AWS Structural Welding Code. 
For a typical low-alloy steel (see Fig. 7.lb), however, the recommended 
preheat temperatures are for the most part above those specified by the 
AWS Structural Welding Code.(l) 
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In addition to the application of the recommended preheats, 
the general procedural steps outlined in Section 2.2 should be taken. 
These steps include cleaning and drying of surfaces to be welded and 
proper baking of electrodes. 
Since the above recommendations are based on a study of a limited 
number of test welds, further study of cold cracking is recorrunended. 
These studies should- include a wider range of electrodes, steel chem-
istries, and joint types. The critical hardnesses for a wider range of 
hydrogen level, joint geometry, and restraint need to be established also. 
7.2 Hot Cracking 
As discussed in Section 6.3, the test results of the mild and 
quenched and tempered steel specimens show fairly good agreement with the 
behavior predicted by the preliminary welding requirements developed 
in section 2.3.4. However, the test results of the low-alloy steel speci-
mens do not show the same type of agreement to the predicted behavior; 
the preliminary welding requirements are overconservative for the low-
alloy steel specimens. 
The preliminary welding requirements to minimize hot cracking are 
all based on the control of weld metal carbon content. However, other 
elements have also been shown(l4) to have an effect on hot cracking. 
Thus, other elements may also have to be considered in the formulating 
welding requirements. 
On the basis of the study presented herein, no specific recommenda-
tions can be made to minimize hot cracking. It has been shown in the 
tests, however, that combinations of high welding speed and high arc 
energy can produce hot cracking. Thus, such situations should be avoided. 
Further study of hot cracking is reco~mended to evaluate further the 
preliminary welding requirements and, if necessary" to establish more 
valid or effective requirements. 
7.3 Porosity, Slag Inclusions, and Lack of Fusion 
As discussed in Section 6.4, the test results show that increased 
arc energy reduced the occurrence of porosity, slag inclusions, and lack 
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of fusion. Staying within the recommended current range has also been 
shown to be an important consideration. 
In addition to maintaining proper welding current and arc energy, 
the steps outlined in Sections 2.4 through 2.6 should also be followed. 
These steps include cleaning of surfaces to be welqed, proper removal 
of slag covering between passes, providing proper joint geometry, and 
use of proper electrode size. 
On the basis of the study presented herein, no specific recommenda-
tions can be made regarding suitable arc energies. Furthermore, it is 
recommended that further testing be conducted to establish appropriate 
arc energy ranges for the various electrodes. The suggested arc energy 
ranges could then be incorporated along with the suggested current ranges 
into the appropriate welding codes or specifications. 
1 . 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
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Table 2.1 
Estimated Percentage Dilution at Various Weld Speeds and Arc Energies 
EL ~ SPEED ARC ENERGY (IN/MIN 4 6 8 10 12 14 16 18 20 
Penetra-
(KJ/ IN) tion 
20 Hi gh 2 5 11 17 17 21 21 23 29 
f(iedium 1 4 8 12 13 15 15 17 22 
Low 1 2 4 6 6 8 7 9 11 
30 High 8 17 27 32 I 37 38 43 48 49 
Nedi urn 6 12 20 24 I 27 28 32 36 37 ! 
Low 3 6 10 12 14 14 16 13 18 
40 High 13 27 41 
1 
47 50 51 59 59 59 
fVledi urn 10 20 I 30 35 37 38 44 44 44 
Low 5 10 15 17 19 19 22 22 22 
45 Hi gh 32 40 47 51 56 
I 
59 62 66 ! 66 
I I Medium 24 I 30 35 38 42 
I 
44 46 50 I 50 
Low 12 15 I 18 19 21 22 23 25 25 
50 High 28 41 51 56 61 63 66 66 66 
Medium 21 31 38 42 45 47 50 50 50 
Low 10 15 19 21 23 23 25 25 25 
60 High 37 53 63 67 75 75 77 I 74 ! 69 
28 47 50 I 56 57 55 I 51 Medi urn 38 56 
Low 14 19 24 25 28 29 29 27 
1
26 
65 High 44 60 74 79 86 83 79 77 69 
Medi urn 33 45 55 59 65 62 59 57 51 
Low 16 22 28 30 33 31 30 29 27 
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Table 2.2 
Grouping of Electrodes 
Manual Shielded Metal Arc Welding 
Mild Steel Electrodes 
E451 0* 
E4520* 
E6010 
E6011 
E6012* 
E6013 
E6020* 
E6027 
E7014 
E7015 
E7016 
E7018 
E7024 
E7028 
Low-Alloy Steel Electrodes 
E70XX-AX* 
E80XX-Bl 
E80XX-B2 
E80XX-CX 
E90XX-B3 
E90XX-D1 
E100XX-D2 
EXXXX-BXL 
EXXXX-G 
Electrode Group 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
3 
1 
1 
3 
1 
3 
1 
1 
*Because of the low manganese contents of the deposited weld metal 
for electrodes· E451 0, E4520, E6012, E6020, E70l1-A 1, E701 O-A 1 , 
these electrodes should not be used at arc levels less than 35,000 
Joules/in. 
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Table 3.1 
Fabrication Data for Mild Steel Test Specimens 
-~ 
....--. 
....--. 
Travel Test Ave. Test Ave . 
c: III lL. III Speed Electrode Current Current 0 OJ 
° 
Q) 
'r- III ..c: +-I .......... 4-lIl (in/min) (amps) (volts) C+-I >, V! U C OV! Q)I'O ~....--. Q) C 'r- +J 1'0 E C +J..- C 'r- Cd Cd ~O-.- V! V! V! V! V! V! III V! 
'r- tJ) r- ClJ'--.--- Q)"::'::: .......... ~ OJ 
U'r- Q) Q) E Q) .p U Q) Q) ~ Q) Q) !... Q) Q) !... Q) Q) !... Q) +J ..c: ..0 "'0 +JV! Q) V! Q) +-IV! Q) V! -iJlIl Q)V! -iJlIl Q)V! Q)lIl Q)D.. OD.. Cd'r- Z V! Q) Er- o V! +-IV! D.. 0V! +JV! 0V! +JVl 0V! -iJVl D..Q) +J>, Q)>, r- ..c: V) Q) s- ~ Q) o Cd ::::I 1'0 ~ 01'0 ::::I eO OeO ::::leO oeO :::leO V) 0 V) I- <..!J I- 0-.- l- I- ~ 0- 2:3 ~ 0-.- 00- ~ 0- 00- ~ 0- 00- ~O- 00... 
AlA mild 1 111 8 low 70° 14 6 8 E6010 1/8" 3/16" 80 108 28 25 
AlB mild 1 111 8 low 150° 15 6 8 E6010 1/8 11 3/16" 93 130 28 26 
A1C mild 1 111 8 low 225° 14 6 8 E6010 1/811 3/16" 100 130 26 26 
A1D mild 1 111 8 low 150° 14 6 8 E6010 1/8 11 3/16" 90 123 28 27 
A2A mild 1 1" 8 low 70° 12 5 6 E6010 1/8 11 3/16 11 98 130 29 26 
A3A mild 1 1/2" 4 low 70° 6 6 8 E6010 1/8" 3/16" 98 133 28 26 
A3B mild 2 1" 12 low 70° 13 6 8 E6010 1/8 11 3/16 11 103 125 28 27 
A3C mild 3 111 16 low 70° 12 6 8 E6010 1/811 3/16 11 95 121 28 26 
A4A mild 1 1" 8 low 70° 10 4 8 E7018 1/8" 3/16" 120 184 22 22 
A4B mild - 1 111 8 low 70° 8 6 8 E7028 5/32 11 3/16 11 198 268 30 30 
D1A mild 4 111 8 high 70° 14 6 8 E6010 ll/8" 3/16" 98 128 27 . 26 
D1B mild 4 111 8 high 150° 12 6 8 E6010 -1/8" 3/16" 110 129 25 26 
D1C mild 4 111 8 high 225° 12 6 8 E6010 -1/8 11 3/16" 95 130 29 26 
E1A mild 5 111 12 low 70° 3 
- 8 E6010 - 3/16 11 - 115 - 23 
F1A mild 6 111 12 med 70° 3 
- 8 E6010 - 3/16" - 127 - 21 
E4A mi 1 d 5 1" 12 low 70° 3 
- 8 E7024 - 3/16" - 167 - 30 
F4A mild 6 1" 12 med 70° 3 
- 8 E7024 - 3/16 11 - 173 - 28 
E4B mild 5 111 12 low 70° 3 - 8 E7024 - 3/16" - 160 - 32 
F4B mild 6 111 12 med 70° 3 - 8 E7024 - 3/16" - 163 - 29 
E4C mild 5 111 12 low 70° 3 - 8 E7024 - 3/16" - 245 - 38 
F4C mild 6 111 12 med 70° 3 - 8 E7024 - 3/16 11 - 243 - 38 
~-
(1) See Figures 4.2 through 4.5 for sketches of specimen geometries. 
(2) Welding polarity; DCEP = reverse polarity, DCEN = straight polarity, AC = alternating polarity. 
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24 DCEP 
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25 DCEP 
26 DCEP I 
20 DCEP 
20 DCEP 
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37 DCEP 
38 DCEN 
36 DCEN 
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Table 3.2 
Fabrication Data for Low-Alloy Steel Test Specimens 
-
Travel Test Ave. Test Ave . 
......... ......... Speed Electrode Current c: If) LL. If) Current 0 Q) 0 Q) (in/min) lamps) (volts) 'r- If) ..c: +-l 
---
4-lf) C:4-J >, If) U c: Olf) 
Q) ro s.. ......... Q) c: 'r- 4-J ro E c: 4-Jr- c: 'r- ro ro s-o.. If) If) If) If) If) If) If) If) 
'r- en ,..... ~ Q)~ 
---
s- Q) Q) Q) s- 0,) 0,) s- 0,) 0,) s-o') Q) s- 0,) U'r- 0,)0,) E Q) -fJ U 4-J ..c: ..0 -a 4-Jlf) 0,) If) 0,) +-llf) 0,) If) 4-Jlf) 0,) If) 4-Jlf) O,)lf) 0,) If) 0,)0.. o 0.. ro· ..... z If) OJ Er- o If) 4-JUl 0.. OUl 4-JUl OUl 4-Jlf) Olf) 4-JUl 0..Q) 4-J>, OJ>, r- ..c: (/) OJ s- ::lOJ Oro ::lro ~ Oro ::l ro Oro ::lro oro ::lro V) a (/) I-- e...!:) I-- 0.. I-- I-- 0::: 0.. Z 3: 0::: 0.. 00.. 0::: 0.. 00.. 0::: D- o D- o::: 0.. 00.. 
B1A A441 1 '111 8 low 700 10 5 8 E7018 1/811 3/16" 120 191 22 22 
B1B A441 1 111 8 low 200 0 12 5 8 E7018 1/8 11 3/16" 118 192 23 22 
B1C A441 1 1" 8 low 3000 10 5 8 E7018 1/811 3/16 11 123 190 22 22 
B2A A441 1 111 8 low 70 0 9 4 6 E7018 1/811 3/16 11 150 191 23 22 
B2B A441 1 111 8 low 70 0 8 4 8 E7018 1/8 11 3/16 11 145 289 25 26 
B3A A441 1 1/211 4 low 2000 4 5 8 E7018 1/8 11 3/16 11 118 195 23 23 
B3B A441 2 111 12 low 200 0 12 5 8 E70l8 1/811 3/16 11 113 189 23 22 
B3C A441 3 111 16 low 200 0 12 5 8 E7018 1/8 11 3/16 11 123 190 22 22 
B4A A441 1 111 8 low 200 0 10 5 8 E6010 1/8 11 3/16" 100 167 29 27 
B4B A441 1 111 8 low 70 0 8 7 8 E7028 5/32 11 3/16" 175 228 29 27 
D3A A441 4 1/211 4 high 2000 4 5 8 E7018 1/8 11 3/16" 128 190 24 22 
D3B A441 4 111 8 high 200 0 12 5 8 E7018 1/8" 3/16 11 130 190 23 22 
E3A A441 5 1/2" 6 low 2000 1 - 8 E7018 . - 3/16" - 175 - 22 
F3A A441 6 1/2" 6 med 200 0 1 - 8 E7018 - 3/16" - 175 - 23 
E3B A44l 5 111 12 low 2000 3 - 8 E7018 - 3/16 11 - 187 - 23 
F3B A441 6 1" 12 med 200 0 3 .. 8 E7018 - 3/16 11 - 193 - 23 
-----
1) See Figures 4.2 through 4.5 for sketches of specimen geometries. 
2) Welding polarity; DCEP = reverse polarity, DC EN = straight polarity, AC = alternating polarity. 
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Table 3.3 
Fabrication Data for Quenched and Tempered Steel Test Specimens 
-
........... 
Travel Test Ave. Test Ave . 
........... Speed Electrode C Vl l1.- Vl Current Current 0 ClJ 0 ClJ Jin/min) (amps) (volts) ~ 'r- ell ..c +J ........... 4-Vl 0) C+J :::..., Vl U s::: OVl s... ClJro s,_...--... Q) s:: 'r- +J ro OJ ...--... E s::: +J...- C 'r- ro ro s...o... Vl Vl Vl Vl Vl Vl Vl Vl s:::s::: 
'r- 0) r-- (]I)--- OJ -~ ........... s... OJ OJ OJ s... OJ OJ s... OJ OJ s... OJ OJ S-.OJ LLJ 'r-U'r- OJ OJ E OJ +Ju +J ..c .0 -0 +JVl OJ Vl OJ 4JVl OJ Vl +JVl OJ Vl +JVl OJVl ......... OJVl OJ 0.. 00.. ro'l- Z Vl OJ Er-- oC/) +JVl 0.. OVl +JVl OVl +JVl OVl +JVl Ur-::l 0.. OJ +J~ QJ~ .-- ..c tI) OJ s... ::JOJ oro ::J ro ~ oro ::J ro oro ::J ro oro ::In::l s...~ tI) Cl tI) I-- c..!J I-- 0... I-- I-- ~ 0... Z3 ~o... 00... ~ 0... 00... ~o... 00... ~ 0... 00... c:::( ........... 
C1A A514 1 3/4" 6 low 1500 6 4 6 E11018 1/8 11 3/16" 123 190 24 22 43 
C1B A514 1 3/4. 11 6 low 225 0 6 4 6 El1018 1/8 11 3/16 11 125 190 24 22 43 C1C A514 1 3/4" 6 low 300 0 6 4 6 E11018 1/8 11 3/16 11 120 190 24 22 42 
C2A A514 1 3/4 11 6 low 225 0 6 5 8 Ell018 1/8" 3/16" 115 190 24 22 32 
C2B A514 1 3/4" 6 low 225 0 6 4 7 E11018 1/8" 3/16 11 153 291 33 26 69 
C3A A514 1 3/8" 3 low 225 0 4 5 7 E11018 1/8" 3/16 11 140 215 29 24 46 
C3B A514 2 . 3/4" 9 low 225 0 6 5 7 E11018 1/8 11 3/16" 140 228 27 23 44 
C3C A514 3 3/4 11 12 low 225 0 6 5 7 Ell018 1/8" 3/16 11 148 214 24 22 40 
D2A A514 4 3/4 11 6 high 225 0 6 5 8 Ell018 1/811 3/16 11 115 190 25 22 32 
D2B A514 4 3/ L~" 6 high 225 0 6 4 6 El1018 1/811 3/16" 128 187 24 . 22 43 
D2C A514 4(3) 3/ L~II 6 high 225 0 11 (3) 4 7 El1018 1/8" 3/16 11 145 285 31 28 68 
E2A A514 5 3/4 11 9 low 225 0 3 - 7 EllTI!l- 3/16 11 - 207 - 24 43 F2A A514 6 3/4" 9 med 225 0 3 - 7 El1018 - 3/16" - 210 - 24 43 
-__ l--. 
(1) See Figures 4.2 through 4.5 for sketches of specimen geometries. 
(2) Welding polarity; DCEP = reverse polarity, DCEN = straight polarity, AC = alternating polarity 
(3) Machining error occured as shown in Figure 4.4. Burn-through occured on first five passes due to 
inadequate root land. 
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Table 4.1 
Summary of Mechani ca 1 and Chemi ca 1 Properties of Base ~1eta 1 s 
Chemi ca 1 Compos i ti on - % by Wei ght 
Q) E U) :::s U) Q)..s:::::: U)~ U) E r:: E Q) +->+-> U)r-- Q) r:: :::s Q) :::s 
r:: ro 0')---. Q) .......... r:: r:: 0 'r- "0 or- r-- s-
r- Q)~ Er::1-i r:: ~ 0 ro ---. u ---. E---. ..c ---. "0 Q) ...-- Q) ---. Q)Q) +->u 'r- Q) (/') "'0 > ..c ---. cnr:: -,- .,.... o s- >,0 ro ---. ~ or- o.:::s Q)o. ro'r- +->s-~ s-:c s-u S::::::E r-- (/') s-u r--:::E s:::> uz o.u +->>, r-- ..s:::::: r-- +-> .......... ro .......... ro .......... ro ---- 'r- .......... ..s:::::: .......... 0---- ro ---- or- ____ 0----(/')..- 0-..- ::::> (/') :J: u :::E (/') u :::E > z u 
-
Mild 111 61.6 145 0.17 0.44 <0.01 <0.02 <0.01 - <0.01 <0.04 
A441 111 86.3 187 0.18 1 . 16 0.22 0.02 <0.01 0.057 0.02 0.22 
A514 3/411 129 341 O. 15 0.85 0.27 0.51 0.49 0.057 0.86 0.25 
-
(1) HV = Vickers hardness (200 gram load) - average value from test data. 
(2) CE = C + (Mn + S1)/6 + (Cr + Mo + V)/5 + (N1 + Cu)/15. 
See Figure Al.l for photomicrographs of base metals. 
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Summary of Electrode Current Ranges and Weld Metal Compositions 
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Table 5.1 
Summary of Test Results for Mild Steel Specimens 
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HV = Vickers hardness 
BM = Base metal 
HAZ = Heat-affected zone 
~JM = Held metal 
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Joint efficiency is defined as the ratio of joint ultimate stress to base metal ultimate 
stress in percent. 
Discontinuity ratio is defined as the ratio of the area of discontinuity present on radiograph 
in l-inch length of weld to the cross-sectional area of the weld, expressed in percent. 
Failed in thru-thickness direction of the vertical plate. 
0'1 
en 
Table 5.2 
Summary of Test Results for Low-Alloy Steel Specimens 
Hardness (HV) 
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Joint efficiency is defined as the ratio of joint ultimate stress to base metal ultimate 
stress in percent. 
Discontinuity ratio is defined as the ratio of the area of discontinuity present on radiograph 
in l-inch length of weld to the cross-sectional area 'of the weld, expressed in percent. 
Failed in thru-thickness direction of the vertical plate. 
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Table 5.3 
Summary of Test Results for Quenched and Tempered Steel Specimens 
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(1) Joint efficiency is defined as the ratio of joint ultimate stress to base metal ultimate 
stress in percent. 
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(2) Discontinuity ratio is defined as the ratio of the area of discontinuity present on radiograph 
in l-inch length of weld to the cross-sectional area of the weld, expressed in percent. 
(3) Failed in thru-thickness direction of the vertical plate. 
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CE 
0.37 
0.39 
0.41 
0.43 
0.45 
0.47 
0.49 
0.51 
0.53 
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Table 7.1 
Summary of Preheat Temperatures to Minimize Cold Cracking in 
Mild and Low-Alloy Steels 
TSN=4 
Arc Energy (KJ/in.) 
20 40 60 80 
°C = 5/9 x (OF_32°) 
CE = C + Mn~Si + Cr+Mo+V + N~+~u 
Minimum Preheat Temperature of 
TSN=8 
Arc Energy (KJ/in.) 
20 I 40 I 60 I 80 
TSN=12 TSN=16 
Arc Energy (KJ/in.) Arc Energy (KJ/in.) 
20 I 40 I 60 I 80 20 I 40 I 60 I 80 
Medium ~ Low 
Restraint . Restraint 
(See Fig. 2.4 for examples of 
restraint conditions.) 
Ul 
~ 
60 
TABLE 7.2 
HARDNESS VALUES USED TO DEVELOP RECOMMENDED PREHEAT 
TEMPERATURES TO MINIMIZE COLD CRACKING 
Other-than-low 
,hydrogen 
Low hydrogen 
Medium Restraint 
350 HV 
400 HV 
Low Restraint 
400 HV 
450 HV . 
Table 7.3 
Recommended Preheat Temperatures to Minimize Cold Cracking in 
Mild and Low-Alloy Steels 
Minimum Preheat Temperature of 
TSN=4 TSN=8 TSN=12 TSN=16 
CE Arc Energy (KJ/in.) Arc Energy (KJ/in.) Arc Energy (KJ/in.) Arc Energy (KJ/in.) 
High 
Hydroqen 
0.37 
0.41 
0.45 
0.49 
0.53 
0.57 
Low 20 40 60 80 20 40 60 80 20 40 60 80 20 40 60 80 Hydrogen 
% 0.41 IX 32 X 32 X 32 X 32 % 175 ~ . 32 IX 32 X 32 ~ 50 v,; 32 X 32 X 32 v,;: 275 % 175 ,% 32 X 32 
% % IX X ,X %s h % ~ ~ fo :X .X % l%s % 15Y 0.45 75 32 32 32 275 50 32 32 325 225 32 32 350 275 175 //32 
% % % /;: X 1% % X ~ % % % 1ft fo ~' 300 / 2~' fto 0.50 225 32 32 32 325 200 32 32 375 275 175 32 375 325 /' 175 
% 1% X ~ X, 1/; % 1% X ~ % % % I~ % % 3007 0.55 275 32 32 32 350 250 100 32 400 325 250 50 400 350 300 /350 .-
i% % % X IX ~ % 1% ~ % % 1% % // ~ % 325// ~5 ;roo 0.59 300 75 32 32 375 300 200 32 425 350 300 225 375 350 
~%I%XIXI%l%I%I%~~~~V~%~ -- 325 175 32 32 400 325 250 125 425 . 375 325 275 -- 400 350 325 
- _._------ ----_.. ---
°C = 5/9 x (OF-32°) 
CE = C+ Mn+Si + Cr+Mo+V + Ni+C~ 
6 5 15 
Medium ~~ Low 
Restraint ~ ~ Restraint 
(See Fig. 2.4 for 
examples of restraint 
conditions.) 
1) With E6010 electrodes, always use preheat recommended for medium restraint. (This will minimize weld 
metal microcracking.) . 
2) For conditions of high restraint, the above preheats may not be adequate. Some other form of joint 
treatment may be necessary. 
3) For conditions of low restraint, the above preheats may be reduced if shown through joint tests that 
cracking will be avoided. 
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Metal Crack 
Weld Bead 
Heat-Affected"Zone (HAZ) 
Toe Crack 
Metal Crack 
Weld Bead 
Toe Crock 
Under Bead 
Fig. 2.1 locations of Various Types of Cold Cracks. 
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t, 
+ : ~ t 
TSN = 4 (t -+: t) = 8t 
tl +t2 ) TSN = 4 (t, + 2 
f 
Note: TSN Has the Same Dimensional Unit As t 
Fig. 2.2 Thermal Severity Numbers for Typical Joints. 
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&LOW Heat Input 6T I Cooling Rote sec. . 
~'igh Heat Input 
6T~ 
I sec. 
572 ° F t--~----+~--~"'+--­
or 
300°C 
Time, t 
~o Preheat 6T I Cool ing Rate 
sec. 
6~preheat 
572°F '~ 
or I sec. 
300 ° C t--++---~~-..p....:-J::----
Time, t 
Note That A Higher Heat Input or Preheat Gives A Lower Cooling 
Rat eAt 572 0 F (300 ° C) 
Fig. 2.3 Relationship of Heat Input and Preheat to 
Cooling Rate at 572°(300°C). 
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Fixed End 
Free End 
(0) Low Restraint 
.... 
VWeJded Last (Medium) 
IF 
~ ~ ~ Welded First ~. 
~ (J sf. Side - Low) 1. ~ (2nd Side - Medium) ~ ~ v 
~ 
2nd Weld" 
" " 
(b) Medium Restraint 
2nd Weld", 
Fixed Fixed 
(c) High Restraint 
Fig. 2.4 Examples of Various Degrees of Restraint. 
FAST COOLING OF 
BASE METAL 
CAUSES 
DIRTY, GREASY, OR 
CONTAMINATED SURFACE 
COLD CRACKING OF BASE METAL 
UNDER BEAD CRACK ING 
HEAT AFFECTED ZONE CRACKING 
HYDROGEN CRACKING 
DELAYED CRACK ING 
CURES 
HYDROGEN 
ELECTRODES 
Fi g. 2.5 Factors Affecting Cold Crack i ng in the- Base Meta 1 Heat-Affected Zone. 
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FAST COOLING OF 
WELD METAL 
CAUSES 
DIRTY I GREASY, OR 
CONTAMINATED SURFACE 
COLD CRACKING OF WELD METAL 
M ICROF I SSVRES 
MICROCRACKS 
WELD METAL CRACKS 
CURES 
POST HEAT 
STRESS RELIEF 
Fig. 2.6 Factors Affecting Cold Cracking in the Weld Metal. 
68 
(f) 
1.5 (f) (I.) 
0.8 c 
"'0 
"'" 0 
2.0 :r: 
o . 
00 
2.5 .- (I.) :!:(f) 
0.6 
""" UU 0 
... (1.)" ... u 
- .~ ... 0 c>_u 0 
rt) 0 
0:: {!.O 
rt) 
0.4 ~ (1.)0:: 
--0 0:: .. 
> 
10 ~:x: 
I .~O 
=2.ICE-Q63 -a.n 
.j(R300 )cr 
15 8~ 20 u,+-
0.2 30 UO 
0 
~ 50 0 0 
100 ro 
a 
0.3 0.4 0.5 0.6 0.7 
CE :: C+ Mn+Si + Cr +Mo+V + Ni+Cu 
6 5 15 
Fig. 2.7 Relationship Between Cooling Rate and Carbon Equivalent 
to Produce a Heat-Affected Zone Hardness of 350 HV. (2) 
PRESENCE OF 
SULFUR 
SULFUR 
SEGREGATION 
\ 
69 
HIGH CARBON 
CONTENT 
CAUSES 
HOT CRACKING OF BASE METAL 
M ICROCRACK ING 
I 
PREHEAT 
CURES 
HIGH Mn/S RATIO 
50: I OR MORE 
\ 
LOW SULFUR 
STEEL 
Fig. 2.8 Factors Affecting Hot Cracking in the Base Metal 
Heat-Affected Zone. 
70 
MAINLY SUL FUR (ALSO 
OXYGEN S SELENIUM) 
FORMS Fe S AT GRAIN 
BOUNDARIES 
REDUCED GRAIN 
BOUNDARY COHES ION 
CAUSES 
HOT CRACKING OF 
WELD METAL 
LOW SULFUR 
STEEL 
CURES' 
I NCREASED HOT 
DUCTILITY 
Mn FORMS WITH S,O,Se 
INTO GLOBULAR 
INCLUSIONS BEFORE Fe 
CAN REACT (HIGHER 
TEMPERATURE REACTION) 
EXC ESS Mn 
PRESENT 
Fig. 2.9 Factors Affecting Hot Cracking in the Weld Metal. 
ELECTRODE COVERINGS 
DISSOSIATE AT HIGH 
TEMPERATURE 
CURRENT 
TOO HIGH 
HIGH TRAVEL 
SPEED 
TRAPPED 
GAS 
SULFUR> 0.05 <70 
IN BASE METAL 
S + 02 -iII= S02 
S + H2 --s- H2S 
C + 0 -tpo. CO 
~AUSE7 
POROS ITY 
Mn OR S i ~ REMOVE 
o BEFORE S02 OR 
CO CAN FORM 
CURES 4 
LOW SULFUR 
ST EEL < 0.05 <70 
Fig. 2.10 Factors Affecting Porosity. 
RAPID COOLING 
HYDROGEN PRESENT 
FROM WELDING 
HYDROGEN 
BUBBLES 
~ 
....a 
V SHAPE RECESS OR 
CONVEX WELD BEAD SHAPE; 
LOW HEAT AT BOTTOM 
LOW] TEMP. 
HIGH I 
VISCOSIT\~ 
i 
SLAG CAN!] 
RISE TO 
SURFACE 
......: 
USE PROPE:]_R 
ENERGY 
INPUT 
SLAG NOT. 
REMOVED 
BETWEEN PASSES 
<: 
fH. I G H ENERGY 
LWELDING 
ELECTRODE TOO 
LARGE TO REACH 
BOTTOM OF GROOVE 
SLAG FALLS 
TO BOTTOM 
OF V 
HIGH 
TEMP. 
~LAG FORCED BACK INTO MELT OR REMELTED 
• 
CAUISES 
BOND LINE 
OR ROOT 
SLAG 
~AG INCLUSIONS 
:::;p .7 CURtES " 
REMOVE ALL 
SLAG BETWEEN 
PASSES 
USE PROPER 
SIZE 
ELECTRODES 
Fig. 2.11 Factors Affecting Slag Inclusions. 
SLAG NOT REMOVED 
FROM JUNCTION OF 
BEAD AND BASE METAL 
» 
o OR N + Mn 
OR Si, AI (IN 
LARGE AMOUNTS) 
:;so 
""-I 
N 
LOW HEAT INSUFFICIENT IMPROPER BEAD DIRTY 
INPUTS ROOT OPENING SHAPE SURFACE 
HEAT OF ARC IMPROPER JOINT HEAT OF ARC 
DOES NOT MELT GEOMETRY DOES NOT" REACH 
UNDERLYING METAL UNDERLYING METAL 
CAUSES 
LACK OF FUS ION 
CURES 
HEAT OF ARC PROPER JOINT HEAT OF ARC 
MELTS UNDERLYING GEOMETRY REACHES UNDERLYING" 
METAL METAL 
HIGH HEAT SUFFICIENT PROPER BEAD 
INPUT ROOT OPENING SHAPE 
Fig. 2.12 Factors Affecting Lack of Fusion. 
...... 
w 
74 
AI 
/ 
Percentage of Element In Filler Metal 
/ 
2 3 4 5 6 7 8 9 10 1/ 12 13 14 15 16 17 18 
10 10 
20 20 
c: c: 
0 30 30 0 
.... .... 
:::s :::s 
Cl 40 40 Cl 
Q) 50 50 Q) C't ~ 
0 C 
.... .... 
c: 60 60 c: Q) Q) 
0 0 
h.. h.. 
Q) 70 70 Q) 
a.. a.. 
80 80 
90 
2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 
/ Percentage of Element In Base Metal 
A 
(From P. T. Houldcroft, Brit. Welding J. 1954, 1, 470) (20) 
Fig. 2.13 Dilution Nomogram. (18) 
. :. 
Weld 2 - Fillet Weld 
High Penetration 
75 
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Fig. 2.14 Weld Configurations. 
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a) Setup of Welding Equipment 
b) Speed Indicator System 
Fig. 4.1 Welding Equipment 
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a) Specimen A1A- High discontinuity ratio (56%) 
Fig. 5.1 Typical Radiographs of Specimens with High, Medium, and 
Low Discontinuity Ratios. 
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b) Specimen B1C - Medium discontinuity ratio (16%) 
Fig. 5.1 Continued 
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c) Specimen C1C - Low discontinuity ratio (3%) 
Fig. 5.1 Continued 
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a) Mild Steel b) Low-Alloy Steel 
(A44l) c) Quenched & Tempered Steel (A5l4) 
Fig. Al.l Photomicrographs of Base Metals (2l4.4x, 2% Nital) 
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DURING REPRODUCTION FIGURES A1.2 THROUGH A1.51 (PAGES 134-
183) WERE REDUCED BY 10%. THEY APPEAR HERE AT THAT REDUCTION. 
a) Spheroi di zled 
(2l4.4x) 
b) Refined c) Coarsened 
f) Weld Metal - Microcrack 
(2l4.4x) 
Lamellar inclusion 
(2l4.4x) Lamellar inclusion (2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Small inclusions 
(Z14.4x) 
e) Retempered 
Microcrack 
(2l4.4x) 
h) Weld Metal - Retempered slag 
(2l4.4x) 
Fig. Al.2 Photomacrograph and Photomicrographs of Specimen AlA. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
b) Refined c) Coarsened 
f) Weld Metal - Microcrack 
(2l4.4x) 
Lamellar inclusion 
(2l4.4x) 
Lamellar inclusion 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Small inclusions 
(2l4.4x) 
e) Retempered 
Microcrack 
(2l4.4x) 
h) Weld Metal - Retempered slag 
(2l4.4x) 
Fig. Al.3 Photomacrograph and Photomicrographs of Specimen AlB. (2% Nital) 
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a) Spheroidized 
Lamellar inclusion 
(2l4.4x) 
f) Retempered 
Small inclusions 
(2l4.4x) 
b) Refi ned 
Lamellar inclusion 
(2l4.4x) 
c) Coarsened 
Lamellar inclusions 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Held Metal 
Small inclusion 
(2l4.4x) 
e) Retempered 
(2l4.4x) 
h) Weld Metal - Retempered 
Lack of fusion 
(53.6x) 
Fig. Al.4 Photomacrograph and Photomicrographs of Specimen A1C. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
b) Refined c) Coarsened 
f) Weld Metal - Mircocrack 
(2l4.4x) 
Lamellar inclusion 
(2l4.4x) Lamellar inclusion (2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Porosity 
(2l4.4x) 
e) Retempered 
Small inclusions 
(2l4.4x) 
h) Weld Metal - Retempered slag 
(2l4.4x) 
Fig. Al.5 Photomacrograph and Photomicrographs of Specimen AlD. (2% Nital) 
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a) Spheroidized 
Lamellar inclusion 
(2l4.4x) 
b) Refined c) Coarsened 
(2l4.4x) 
f) Weld Metal - Microcrack 
(214.4x) 
Lamellar inclusion 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Small inclusions 
(2l4.4x) 
e) Retempered 
Porosity 
(2l4.4x) 
h) Retempered slag 
(2l4.4x) 
Fig. Al.6 Photomacrograph and Photomicrographs of Specimen A2A. (2% Nital) 
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a) Spheroidized 
Lamellar inclusion (2l4.4x) 
b) Refined 
(2l4.4x) 
f) Retempered small inclusions (2l4.4x) 
c) Coarsened 
Lamellar inclusion (2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
(2l4.4x) e) Retempered (2l4.4x) 
h) vJe 1 d Metal -" Retempered slag 
(2l4.4x) 
Fig. Al.7 Photomacrograph and Photomicrographs of Specimen A3A. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
b) Refined 
(2l4.4x) 
f) Weld Metal - Microcrack (2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld .Meta 1 
Porosity 
(214.4x) 
e) Retempered 
Microcrack 
(2l4.4x) 
h) Weld Metal - Slag 
(214.4x) 
Fig. Al.8 Photomacrograph and Photomicrographs of Specimen A3B. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
b) Refined 
(2l4.4x) 
f) Weld Metal - Microcrack (2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph (3.2x) 
d) Weld Metal 
Porosity 
(2l4.4x) 
e) Retempered 
Mi crocrack 
(2l4.4x) 
h) Retempered slag (2l4.4x) 
Fig. Al.9 Photomacrograph and Photomicrographs of Specimen A3C. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Metal 
Small inclusions 
(2l4.4x) 
b) Refined 
(2l4.4x) c) Coarsened (2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
(2l4.4x) e) Retempered Small inclusions 
(2l4.4x) 
h) Weld Metal - Retempered slag (2l4.4x) 
Fig. Al.10 Photomacrograph and Photomicrographs of Specimen A4A. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Retempered hot crack 
(107.2x) 
b) Refined 
(2l4.4x) c) Coarsened Lamellar inclusion 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Porosity 
(2l4.4x) 
Fig. Al.l1 Photomacrograph and Photomicrographs of Specimen A4B. 
e) Retempered 
Porosity 
(2l4.4x) 
h) Weld Metal - Retempered slag 
(107.2x) 
(2% Nital) 
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b) Refined a) Spheroidized 
(2l4.4x) Lamellar inclusion 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
f) Weld Metal - Retempered slag 
(53.6x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Small inclusion 
(107. 2x) 
e) Retempered 
Small inclusion 
(2l4.4x) 
h) Weld Meta 1 - Slag 
(107. 2x) 
Fig. Al.12 Photomacrograph and Photomicrographs of Specimen B1A. (2% Nital) 
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a) Spheroid;zed 
(2l4.4x) 
b) Refined 
(2l4.4x) 
f) VIe 1 d Metal - Sma 11 inc 1 us ions 
(2l4.4x) 
c) Coarsened 
Lamellar inclusion 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) vle 1 d Meta 1 
(2l4.4x) 
e) Retempered 
Small inclusions 
(2l4.4x) 
h) Weld Metal - Retempered slag 
(107. 2x) 
Fig. Al.13 Photomacrograph and Photomicrographs of Specimen B1B. (2% Nital) 
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a) Sheroidized 
(214.4x) 
f) We 1 d Meta 1 - Poros i ty 
(214.4x) 
b) Refined 
(214.4x) 
c) Coarsened 
(214.4x) 
g) Photomacrograph 
(3.2x) 
d) ~eld Metal 
Small inclusion 
(2l4.4x) 
e) Retempered 
Small inclusions 
(2l4.4x) 
h) Weld Metal - Retempered slag 
(53.6x) 
Fig. Al.14 Photomacrograph and Photomicrographs of Specimen B1C. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Retempered slag 
(2l4.4x) 
b) Refined 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Porosity 
(2l4.4x) 
e) Retempered 
Small inclusion 
(2l4.4x) 
h) Weld Metal - Coarsened slag 
(53.6x) 
Fig. Al.15 Photomacrograph and Photomicrographs of Specimen B2A. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Metal - Slag 
(2l4.4x) 
b) Refined 
(2l4.4x) c) Coarsened (2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Small inclusion 
(2l4.4x) 
e) Retempered 
Small inclusion 
(2l4.4x) 
h) Weld Metal - Crack 
(2l4.4x) 
Fig. Al.16 Photomacrograph and Photomicrographs of Specimen B2B. (2% Nital) 
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f) Weld Metal - Porosity 
(2l4.4x) 
Refined 
Lamellar inclusion 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
Weld Metal 
Small inclusions 
(2l4.4x) 
eJ Retempered 
Small inclusions 
(2l4.4x) 
h) We 1 d Metal - Retempered slag 
(53.6x) 
Fig. Al.l? Photomacrograph and Photomicrographs of Specimen B3A. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
b) Refined 
(214.4x) 
f) ~Jeld Metal - Retempered Slag 
(107. 2x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Porosity 
(2l4.4x) 
e) Retempered 
Small inclusions 
(2l4.4x) 
h) Weld Meta 1 - Retempered slag 
(53.6x) - Photo rotated 90 0 
Fig. Al.1B Photomacrograph and Photomicrographs of Specimen B3B. (2% Nital) 
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a) Spheroidized (2l4.4x) 
f) Weld Metal - Porosity 
(2l4.4x) 
b) Refined 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Small inclusions 
(2l4.4x) 
e) Retempered 
Small inclusion 
(2l4.4x) 
h) Weld Meta 1 - Retempered slag 
(107.2x) 
Fig. Al.19 Photomacrograph and Photomicrographs of Specimen B3C. (2% Nital) 
01 
a) Spheroidized 
(2l4.4x) 
f) Retempered slag 
(214.4x) 
b) Refined 
(214.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
(214.4x) 
e) Retempered 
Small inclusions 
(2l4.4x) 
h) We 1 d Meta 1 - Retempered 
LOF - Sl ag 
(107. 2x) 
Fig. Al.20 Photomacrograph and Photomicrographs of Specimen B4A. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Meta 1 - Poros i ty 
(2l4.4x) 
b) Refined c) Coarsened 
Lamellar inclusions (2l4.4x) 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
(2l4.4x) e) Retempered Porosity 
(2l4.4x) 
h) Weld Metal - Retempered slag 
(107. 2x) 
Fig. A1.2l Photomacrograph and Photomicrographs of Specimen B4B. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
b) Refined 
Lamellar inclusion 
(2l4.4x) 
d) Weld Metal 
(2l4.4x) 
eJ Weld Metal 
Porosity 
(2l4.4x) 
f) Weld Metal - Small inclusion g) Photomacrograph h) Weld Metal - Coarsened slag 
(2l4.4x) (3.2x) (2l4.4x) 
Fig. Al.22 Photomacrograph and Photomicrographs of Specimen ClAp (2% Nital) 
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a) Spheroidized 
Lamellar inclusion 
(2l4.4x) 
f) Weld Metal - Porosity 
(2l4.4x) 
b) Refined 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
(2l4.4x) 
,A 
e) Weld Metal 
Small inclusion 
(2l4.4x) 
h) Weld Metal - Coarsened slag 
(2l4.4x) 
Fig. Al.23 Photomacrograph and Photomicrographs of Specimen C1B. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
b) Refined 
(2l4.4x) 
f) Weld Metal - Small inclusions 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
(2l4.4x) 
... 
e) Weld Metal 
Porosity 
(2l4.4x) 
h) Weld Meta 1 - Coarsened slag (53.6x) 
Fig. Al.24 Photomacrograph and Photomicrographs of Specimen C1C. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Metal - Slag 
(2l4.4x) 
b) Refined 
Lamellar inclusion 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
r-
g) Photomacrograph 
(3.2x) 
d) Weld Metal e) Weld Metal 
Porosity 
(2l4.4x) 
..... 
Small inclusions 
(2l4.4x) 
h) Weld Metal - Coarsened slag 
(53.6x) 
Fig. Al.25 Photomacrograph and Photomicrographs of Specimen C2A. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Retemepred - Poros i ty 
(10702x) 
b) Refined 
(2l4.4x) 
c) Coarsened 
Lamellar inclusions 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Porosity 
(2l4.4x) 
e) ~Je 1 d Metal 
Slag 
(2l4.4x) 
h) Weld Metal - Hot crack 
(10702x) 
Fig. Al.26 Photomacrograph and Photomicrographs of Specimen C2B. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
b) Refined 
(2l4.4x) 
f) Weld Metal - Small inclusions 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
(2l4.4x) 
e) Weld Metal 
Porosity 
(2l4.4x) 
h) ~~eld Metal - Porosity 
(2l4.4x) 
Fig. Al.27 Photomacrograph and Photomicrographs of Specimen C3A. (2% Nital) 
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a) Spheroidized b) Refined 
(214.4x) (214.4x) 
f) VJeld Metal - Small inclusion 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
(2l4.4x) 
e) Coarsened 
Lamellar inclusion 
(214.4x) 
h) Weld Metal - Porosity 
(2l4.4x) 
Fig. Al.28 Photomacrograph and Photomicrographs of Specimen C3B. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Metal - Slag 
(2l4.4x) 
b) Refined 
(2l4.4x) c) Coarsened (2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Held t~eta 1 
Small inclusion 
(2l4.4x) 
e) Weld Metal 
Porosity 
(2l4.4x) 
h) Weld Metal - Slag 
(l 07. 2x) 
Fig. Al.29 Photomacrograph and Photomicrographs of Specimen C3C. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Metal - Microcracks 
(107. 2x) 
b) Refi ned 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomcarograph 
(3.2x) 
d) Weld Metal 
Microcrack 
(214.4x) 
e) Retempered 
Mirocrack 
(2l4.4x) 
h) Crack ti p - Unetched 
(2l4.4x) 
Fig. Al.30 Photomacrograph and Photomicrographs of Specimen D1A. (2% Nital) 
Q) 
N 
a) Spheroidized 
(2l4.4x) 
b) Refined 
(2l4.4x) 
, c) Coarsened 
. (2l4.4x) d) Weld Metal Porosity 
(2l4.4x) 
e) Retempered 
Microcrack 
(2l4.4x) 
f) Weld Metal - Microcrack g) Photomacrograph h) Weld Metal - Slag 
(214. 4x) (3. 2x) (107. 2x) 
Fig. Al.3l Photomacrograph and Photomicrographs of Specimen D1B. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Crack Tip 
(2l4.4x) 
b) Refined 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Small inclusions 
(2l4.4x) 
e) Retempered 
Porosity 
(2l4.4x) 
h) Retempered slag 
(2l4.4x) 
Fig. Al.32 Photomacrograph and Photomicrographs of Specimen D1C. (2% Nital) 
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a) Spheroidized 
Lamellar inclusions 
(2l4.4x) 
f) Weld Metal - Slag 
(53.6x) 
b) Refined 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Porosity 
(2l4.4x) 
e) Weld Metal 
Small inclusions 
(2l4.4x) 
h) Weld Metal - LOF 
(107. 2x) 
Fig. Al.33 Photomacrograph and Photomicrographs of Specimen D2A. (2% Nital) 
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b) Refined c) Coarsened a) Spheroidized 
Lamellar inclusion 
(2l4.4x) 
Lamellar inclusion 
(2l4.4x) 
Lamellar inclusions 
(2l4.4x) 
f) Weld Metal - Coarsened slag 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) \!Jeld Metal 
Porosity 
(2l4.4x) 
e) Weld Metal 
Small inclusions 
(2l4.4x) 
h) Weld Metal - Coarsened slag 
(l 07. 2x) 
Fig. Al.34 Photomacrograph and Photomicrographs of Specimen D2B. (2% Nital) 
CJ) 
CJ) 
a) Spheroidized 
(2l4.4x) b) Refined Lamellar inclusion 
(2l4.4x) 
c) Coarsened 
(2l4.4x) d) Held Metal Porosity 
(2l4.4x) 
e) Weld Metal 
Small inclusion 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
f) Enlargement of photo h - Hot crack h) Weld f\1etal - Hot crack 
(2l4.4x) (53.6x) 
Fig. Al.35 Photomacrograph and Photomicrographs of Specimen D2C. (2% Nital) 
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a) Spheroidized (2'14.4x) 
f) We 1 d Meta 1 - Poros i ty 
(214.4x) 
b) Refined 
inclusion 
(214.4x) 
c) Coarsened 
(214.4x) 
g) Photomacrograph (3.2x) 
d) Weld Metal 
(214.4x) 
e) Retempered (214.4x) 
h) Retempered - Sma 11 inc 1 us ion 
(214.4x) 
Fig. Al.36 Photomacrograph and Photomicrographs of Specimen D3A. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Metal - Crack tip 
(2l4.4x) 
b) Refined 
(2l4.4x) c) Coarsened (2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Small inclusion 
(2l4.4x) 
e) Retempered 
Small inclusion 
(2l4.4x) 
h) Weld Meta 1 - Coarsened LOF 
(107. 2x) 
Fig. Al.37 Photomacrograph and Photomicrographs of Specimen 03B. (2% Nital) 
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a) Spheroidized 
(214.4x) 
f) Retempered - Mi crocrack 
(214.4x) 
b) Refined 
(214.4x) 
c) Coarsened 
(214.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Small inclusions 
(214. 4x) 
e} Retempered 
(214.4x) 
h} Weld Metal - Retempered slag (107.2x) 
Fig. Al.38 Photomacrograph and Photomicrographs of Specimen E1A. (2% NItal) 
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a) Spheroidized 
(2l4.4x) 
f) Weld ~·1etal - Microcrack 
(2l4.4x) 
b) Refined 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal 
Small inclusions 
(214.4x) 
e) Retempered 
Porosity 
(214.4x) 
h) We 1 d ~1eta 1 - Retempered slag 
(107. 2x) 
Fig. Al.39 Photomacrograph and Photomicrographs of Specimen FlA. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Metal - Porosity 
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c) Coarsened 
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Fig. Al.40 Photomacrograph and Photomicrographs of Specimen E2A. (2% Nital) 
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a) Spheroidized 
Lamellar inclusions 
(2l4.4x) 
b) Refined 
Lamellar inclusion 
(2l4.4x) 
c) Coarsened 
Lamellar inclusion 
(2l4.4x) 
d) Weld Metal 
Small inclusion 
(2l4.4x) 
e) Weld Metal 
Porosity 
(2l4.4x) 
f) Coarsened - HAZ Crack g) Photomacrograph h) Ti p of crack in photo f 
(53.6x) (3.2x) (2l4.4x) 
Fig. Al.41 Photomacrograph and Photomicrographs of Specimen F2A. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Metal - Slag 
(2l4.4x) 
b) Refined 
(2'14.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
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(2l4.4x) 
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h) We 1 d ~1eta 1 - Poros i ty 
(2l4.4x) 
Fig. Al.42 Photomacrograph and Photomicrographs of Specimen E3A. (2% Nital) 
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c) Coarsened 
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Fig. Al.43 Photomacrograph and Photomicrographs of Specimen F3A. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Metal - Porosity 
(2l4.4x) 
b) Refined 
(2l4.4x) 
c) Coarsened 
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d) Weld Metal 
(2l4.4x) 
e) Retempered 
(2l4.4x) 
h) Retempered slag 
(2l4.4x) 
Fig. Al.44 Photomacrograph and Photomicrographs of Specimen E3B. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Metal - Porosity 
(2l4.4x) 
b) Refined 
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·c) Coarsened 
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h) Retempered slag 
(2l4.4x) 
Fig. Al.45 Photomacrograph and Photomicrographs of Specimen F3B. (2% Nital) 
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a) Spheroi di zed 
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b) Refined 
(2l4.4x) 
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c) Coarsened 
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d) Weld Metal 
Small inclusions 
(2l4.4x) 
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(2l4.4x) 
Fig. Al.46 Photomacrograph and Photomicrographs of Specimen E4A. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
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(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) ~Je 1 d Meta 1 e) Retempered 
Small inclusions 
(2l4.4x) 
Small inclusions 
(2l4.4x) 
h) Weld Metal - Slag 
Small inclusions 
(2l4.4x) 
Fig. Al.47 Photomacrograph and Photomicrographs of Specimen F4A. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Weld Metal - Hot crack 
(53.6x) 
b) Refined 
(2l4.4x) 
c) Coarsened 
(2l4.4x) 
g) Photomacrograph 
(3.2x) 
d) Weld Metal - Slag 
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(2l4.4x) 
e) Retempered 
Small inclusions 
(2l4.4x) 
h) We 1 d ~1eta 1 - LOF 
(l 07 . 2x) 
Fig. Al.48 Photomacrograph and Photomicrographs of Specimen E4B. (2% Nital) 
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f) ~Jeld Metal - Hot crack (53.6x) 
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(2l4.4x) c) Coarsened (2l4.4x) 
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Porosity 
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Fig. Al.49 Photomacrograph and Photomicrographs of Specimen F4B. 
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Fig. Al.50 Photomacrograph and Photomicrographs of Specimen E4C. (2% Nital) 
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a) Spheroidized 
(2l4.4x) 
f) Retempered slag 
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b) Refined 
(2l4.4x) 
c) Coarsened 
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g) Photomacrograph 
(3.2x) 
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e) Retempered 
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Fig. Al.5l Photomacrograph and Photomicrographs of Specimen F4C. (2% Nital) 
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